
ABSTRACT 

 

GARGUILO, JACOB M. Electronic Transition Imaging of Carbon Based Materials: The 
Photothreshold of Melanin and Thermionic Field Emission from Diamond. (Under the 
direction of Robert J. Nemanich). 
 

 This study explores electronic transitions in carbon based materials through the 

use of a custom built, non rastering electron emission microscope. The specifics and 

history of electron emission are described as well as the equipment used in this study. 

The materials examined fall into two groups, melanosome films isolated from the human 

body and polycrystalline diamond tip arrays. 

 A novel technique for determining the photothreshold of a heterogeneous material 

on a microscopic or smaller scale is developed and applied to melanosome films isolated 

from the hair, eyes, and brain of human donors. The conversion of the measured 

photothreshold on the vacuum scale to an electrochemical oxidation potential is discussed 

and the obtained data is considered based on this conversion. 

Pheomelanosomes isolated from human hair are shown to have significantly 

lower photoionization energy than eumelanosomes, indicating their likelihood as sources 

of oxidative stress. The ionization energies of the hair melanosomes are checked with 

complimentary procedures.  

 Ocular melanosomes from the retinal pigment epithelium are measured as a 

function of patient age and melanosome shape. Lipofuscin, also found in the eye, is 

examined with the same microscopy technique and shown to have a significantly lower 

ionization threshold than RPE melanosomes. Neuromelanin from the substantia nigra is 



 ii

also examined and shown to have an ionization threshold close to that of eumelanin. A 

neuromelanin formation model is proposed based on these results. 

 Polycrystalline diamond tip arrays are examined for their use as thermionic 

energy converter emitters. Thermionic energy conversion is accomplished through the 

combination of a hot electron emitter in conjunction with a somewhat cooler electron 

collector. The generated electron current can be used to do work in an external load. It is 

shown that the tipped structures of these samples result in enhanced emission over the 

surrounding flat areas, which may prove valuable in limiting the negative space charge 

effect in vacuum energy converting devices. Additionally, the effects of exceeding a 

threshold temperature for the films are shown, establishing a maximum operating regime 

for any device which incorporates hydrogen terminated diamond. 
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1. Historical Perspective and Equipment Used 

 Electron emission will be discussed based on the operation used to excite 

electrons from a material and, in our case, into vacuum. These include operations which 

excite the electron over the surface potential barrier, such as photon impingement and 

thermal excitation, and operations which allow for tunneling through the barrier, as in the 

process of field emission. Each of the available electron excitement paths are 

schematically displayed in figure 1. The electron microscopy we employ throughout this 

study is always performed in the presence of an electric field and thus may be a 

combination of these operations. The specific details of the key equipment used in this 

study are discussed including a historical perspective on their development.  

 

1.1. Brief history of electron emission 

 The historical progression of the observation and explanation of electron emission 

reaches back several centuries and experiments examining the different modes of 

excitation were often intertwined. A brief history of the early key experiments for 

photoemission, thermionic emission, and field emission follows. 

 

1.1.1. Photoemission 

 Early records regarding photoemission appear in 1839 by Becquerel, who 

observed an electric current between two different liquids upon exposure to sunlight [1], 

and Smith in 1873, who found that selenium’s ability to conduct electricity increased in 

direct proportion to the degree of its exposure to light [2]. Further evidence for the 

photoelectric effect was discovered in 1887 by Hertz, who was investigating the 
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production and reception of electromagnetic waves [3]. He found that the electric spark in 

a receiver coil diminished upon shielding from ultraviolet light. In 1899, Thomson, who 

had already established himself in the scientific community for his work with cathode 

rays, showed that electrons, termed “corpuscles” at the time, were the light-ejected 

particles [4]. Thomson’s work involved illuminating the cathode of a Crookes tube 

(figure 2) with ultraviolet light and measuring the resulting ray and its deflection due to 

electric and magnetic fields. Finally a theory began to emerge with Thomson’s work. It 

was hypothesized that the atom-bound electrons were shaken and caused to vibrate by the 

oscillating electric field of the radiation. The vibrating would eventually shake loose 

some of the electrons and they would be ejected from the cathode. It was expected that 

increasing the intensity of the radiation would increase the vibrations of the electrons and 

therefore increase the number, and speed, of those that escape. If light of very weak 

intensity was used, it would take some time for an electron to achieve sufficient 

amplitude of vibration to be liberated. Lenard, in 1902, put some of these ideas to the test, 

revealing inconsistencies. He was able to show that, while the current depended on the 

intensity of the incident radiation, the energy of the electrons did not [5]. There was, 

however, a variation of energy as a function of the frequency of incident light. The 

shorter wavelength, higher frequency light caused electrons to be ejected with more 

energy. In 1905, Einstein proposed a simple explanation which accounted for the 

inconsistencies Lenard discovered [6]. His theory stated that light consisted of individual 

quanta, later termed photons, and that a single incident quantum of light was absorbed by 

a single electron in the metal. If the acquired energy, given by E = (h) (frequency), was 

large enough, the electron could be separated from the metal. The photothreshold is 
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defined as the photon energy required when separating an electron from the surface to 

which it is bound. Any excess energy from this process would manifest itself in free 

electron kinetic energy. An increase in the intensity of incident radiation without any 

change in energy would produce a larger photoelectron current but would carry no more 

energy individually. An increase in frequency would increase both the maximum kinetic 

energy of the emitted electrons as well as the photoelectric current (deeper bound 

electrons would now have sufficient energy to be ejected). Einstein’s theory explained 

the experimental results to date and eventually earned him the Nobel Prize in 1921. 

Millikan spent ten years trying to disprove the theory proposed by Einstein but never 

succeeded. In 1916, he published a paper showing a linear increase of energy as a 

function of frequency and calculated Planck’s constant to within 0.5% [7] (figure 3); 

Einstein was shown to be correct. 

 

1.1.2. Thermionic emission 

Thermionic emission is the ejection of electrons from a surface caused by the 

addition of thermal energy which leads to instances where some electrons overcome the 

electrostatic forces binding them to the material. In the same year as Smith’s work with 

selenium, thermionic emission was reported by Guthrie [8]. He discovered that a 

positively charged, hot iron sphere did not lose its charge over time while a negatively 

charged, hot sphere did. The phenomenon was rediscovered, and later patented, by 

Edison in 1880 while examining the uneven blackening of his incandescent filaments [9]. 

Although Edison did not pursue work involving thermionic emission, in 1904 Flemming 

developed the vacuum tube based on his observations [10]. This device has been used 
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extensively in the early generations of electronic devices. The mathematical description 

of this process was performed by Richardson in 1901 [11]; the Nobel Prize of 1928 was 

awarded for this work.  

 

1.1.3. Field emission 

Field emission is a purely quantum mechanical process and thus has its roots as 

we know it in the early parts of the twentieth century. In the field emission process, 

electrons tunnel through the potential barrier of the surface, a classically forbidden 

region, rather than eclipsing it as in photo or thermionic emission. The process was 

characterized through quantum mechanics by Fowler and Nordheim in 1928 [12] and is 

often referred to as Fowler-Nordheim tunneling. Prior to the quantum mechanical 

treatment, there were several notable experiments on the subject. At the beginning of the 

twentieth century, following the measurements of J. J. Thomson, there was considerable 

interest in electron emission phenomena. A portion of this work was dedicated to the 

study of the ejection of electrons through the application of an electric field. Lilienfeld 

measured the current produced in vacuum between two metals, the cathode consisting of 

different sharp tip structures, and found it to be higher than expected [13]. He excluded 

gas discharges as a source of this current, after having degassed all his metal parts 

through electron bombardment techniques. Rother, during this same time, witnessed 

similar effects in current-voltage measurements between metal tipped cathodes and 

anodes spaced at closed distances [14]. Before the Fowler-Nordheim treatment, Schottky 

published a pre-quantum mechanics theory of field emission explaining the emission by 

the lowering of the potential barrier at the surface [15].  
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1.2. Equipment 

1.2.1 The electron microscope 

 Imaging the surface of a sample by collecting the particles emanating from that 

surface is defined as emission microscopy. In principle, the particles are not restricted to 

electrons and can include ions, photons, and neutrals. Lichtman provides a useful 

overview by classifying fifty six surface analytical techniques by considering eight input 

probes and the above-mentioned four output particles, as displayed in table 1 [16]. A 

subset of emission microscopy, electron emission microscopy, refers to the information 

carrying beam being composed of electrons and originating from the sample surface. 

These electrons can be stimulated by heat (thermionic emission), light (photoelectron 

emission), ions, or neutrals and differs from the more common scanning and transmission 

electron microscopy (SEM and TEM, respectively) by the presence of an accelerating 

electric field at the sample surface. In photoelectron emission microscopy 

(interchangeably referred to as PEEM or PEM in the literature), ultraviolet light is 

commonly used to elicit excitation. Synchrotron radiation or other X-ray sources may 

also be used, as well as light of higher energy. High-power laser heating can also produce 

electron emission, although this would be thermionic, rather than photoelectric, emission. 

 

1.2.1.1. The development of the electron microscope 

 A few historical notes regarding electron emission microscopy can be found 

before the widely recognized birth of the technique in the early 1930s. For example, in 

1878, and a subsequent 1880 paper, Goldstein observed unfocused images of the surface 
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features of a coin mounted as the heated cathode in an evacuated glass tube with light-

sensitive materials attached to the vessel walls [17]. This may be the first record of image 

formation using an electron beam. The focused investigations into the subject, however, 

culminated in the early 1930s in Berlin, Germany. Ernst Ruska is credited with building 

the first electron microscope in 1933 using a series of electron lenses he first developed 

in 1931 [18]. In 1986, Ruska shared the Nobel Prize in Physics for these achievements. 

 Brüche, also in 1933, reported electron images of cathodes illuminated by UV 

light, thereby utilizing the first successful photoelectron emission microscope [19]. 

Throughout the 1930s, several groups in Germany, North America, and Japan were 

repeating and modifying the instrument design and imaging techniques. These 

instruments typically utilized one or two electrostatic lenses and had magnifications in 

the range of 200. The first attempt to commercialize an emission microscope was by 

Mecklenburg in the early 1940’s but was interrupted by the onset of the Second World 

War [20]. After World War II, many of the resources were devoted to transmission 

electron microscopes and advances in microscopes of the emission type were generally 

taken from these instruments. Improvements continued throughout the 1950’s and 1960’s 

and the resolution of emission microscopes reached the 100nm mark and below with the 

use of apertures in the lens column. A crucial modification that allowed emission 

microscopes to attain resolutions on the order of 20 to 30nm was the removal of the 

intermediate lens (often called the Wehnelt electrode) between the cathode and anode. 

This allows the field at the sample surface to be maximized and separates the accelerating 

and imaging fields. Several emission microscopes with UV illumination capabilities were 

developed by a number of groups during these time periods and advances in electron 
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optics and vacuum technology aided in the resolution and usefulness of the instruments. 

The advances in this field have been substantial and led to currently achieved resolutions 

of better than 10nm. 

 

1.2.1.2. Electron emission microscopy considerations 

Electron emission microscopy is a high contrast technique in which images of a 

specimen surface are formed using electrons emitted through quantum mechanical 

tunneling processes (FEEM) or due to the photo excitation above the material’s 

photothreshold (PEEM). In either case, a significant electric field is applied over the 

sample surface. If the sample is heated, the measurements are referred to as thermionic 

PEEM (T-PEEM) or thermionic FEEM (T-FEEM), respectively. The electron emission 

microscopy described herein is in contrast to most electron microscopes which use an 

electron beam to form an image. FEEM/PEEM is a direct imaging technique in which the 

image is acquired in real time and the sample itself is the source of electrons; no electron 

gun is employed. A chart of emission microscopes is shown in figure 4.  

Briefly, there are two main image contrast mechanisms associated with this 

technique generated by differences in the surface photoelectron yield and variations in the 

surface topography or conductivity. The photoelectron yield, Y, of a material is defined 

as the number of electrons ejected per incident photon,  

. eq 1.1 
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For metals and semiconductors, the photoelectron yield near the photothreshold is in the 

range of 10-3 to 10-6 [21]. With increasing photon energy above the photothreshold of the 

material, the number of photo emitted electrons increases according to 

     eq 1.2 

where A is constant, Eth is the photothreshold of the material, and r is a material 

dependent parameter [22]. The spatial differences in photoyield form the basic contrast 

mechanism in PEEM. The photothreshold of a material is defined as the minimum photon 

energy required for the emission of an electron from the surface of a material. In the case 

of metals, the photothreshold is equal to the surface workfunction. For semiconductors, 

the photothreshold is correlated with excitation from the valence band to the vacuum 

level; emission may also occur from surface states, defect levels, occupied conduction 

band states or doping levels. The photo excitations for a metal and a semiconductor 

surface are illustrated in figure 5. By definition, the photoyield of a surface for photon 

energies less than the photothreshold is zero. However, in a practical laboratory setting, 

some emission will be observed below the photothreshold due to thermal effects. If a 

surface is illuminated with photons above the photothreshold, the photoyield is a steeply 

increasing function of incident photon energy. If a surface includes regions of two 

different photoyield materials, and the photon energy is tuned between these two values, 

image contrast is obtained. This is shown in figure 6 in which the photon energy (5.0 eV) 

is tuned between the photothreshold of TiSi2 nanoislands and wires (~ photothreshold of 

4.5 eV [23]) deposited on a silicon substrate (photothreshold > 5.1 eV). A finely tunable 

light source for use in PEEM measurements would be invaluable in maximizing this 

contrast mechanism; an ultraviolet free electron laser is perfectly suited to fill this need. 
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Contrast resulting from surface features can occur due to local electric field 

distortions at the surface, field enhancement and Schottky barrier lowering, and, in the 

case of PEEM, shadow formation. The local electric field lines at a surface protrusion are 

not parallel to one another. The electrons emitted from selected areas on a feature are 

deflected and accelerated due to distortions in the electric field, as shown in figure 7 [24]. 

Because some of these electrons are emitted with a velocity component parallel to the 

plane of the anode, they are selectively blocked by the aperture. The overall effect of this 

distortion is that the sides of a protrusion appear darker than the top and surrounding flat 

areas. Contrast can also occur because of field enhancing effects. The local field at a 

sharp point is enhanced, resulting in a steeper deflection of the potential barrier (which 

may result in more electrons tunneling to the vacuum at the feature) and an overall 

lowering of the barrier height (Schottky barrier lowering) as in figure 8. These 

mechanisms result in sharp features appearing brighter than other surface regions in both 

PEEM and FEEM. Shadows cast by surface features illuminated at large angle with 

respect to the surface perpendicular can also result in contrast in PEEM. Photons are 

blocked from shadowed areas and thus these areas do not emit photo excited electrons, 

appearing dark. This can help determine whether a surface feature is a pit or a protrusion, 

as in figure 9. 

Rempfer has calculated the depth of field in PEEM, i.e. the range of depth in a 

sample that appears in focus [25]. The depth of information is the distance below the 

surface from which details contribute at a specified resolution and has also been 

described by Rempfer and colleagues [26]. The depth of information in PEEM is 

determined by the escape depth of photoelectrons. 
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The modern view of photoelectron emission from a solid, commonly referred to 

as the Three Step Model, was developed by Spicer [27] in 1958 while working on Cs3Sb 

cathodes. Prior to this work, photoemission was thought to be a surface rather than a bulk 

effect; electron transport through the solid was not considered and the optical absorption 

was thought of as a surface phenomena. The Three Step Model was the first to treat 

photoemission as a surface and bulk process, accounting for optical penetration and 

electron scattering as well as surface effects. 

 Spicer’s model encapsulates the photoemission process by dividing it into 1) 

absorption of incident light and subsequent electron excitement, 2) transport of the 

electron to the surface region, and 3) escape over surface potential barrier, if it exists, into 

vacuum. The first portion of the model involves light attenuation through the solid, which 

depends on the penetration depth of the given wavelength of incident radiation for the 

material. The second portion of the photoemission model involves electron scattering 

events as the excited electron moves through the material. In the case of metals, the 

potential barrier at the surface is simply the workfunction of the material. For 

semiconductors with a positive electron affinity, in which the vacuum level lies above the 

conduction band minimum, some of the excited electrons, which have become 

thermalized through inelastic scattering with other electrons and phonons, will be trapped 

at the conduction band minimum, unable to overcome the material’s electron affinity. For 

the case of a material with a negative electron affinity, in which the vacuum level is 

below the conduction band minimum, thermalized electrons may be directly emitted into 

vacuum. Thermalization and recombination, in which an electron and a hole annihilate 

one another, is the predominant mechanism for photoyield losses in this case. 
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 The initial theory and experiments for the photoemission of electrons were carried 

out on metallic and conducting materials. The absorption of light in a material is 

governed by the wavelength of incident radiation and the available energy transitions in 

the material. In optics, the Beer-Lambert law relates the absorption of light to the 

properties of the material through which the light is traveling and takes the form: 

I(z) = I0exp-αz.   eq 1.3 

In this equation, I(z) is the intensity of light at a depth z below the surface, I0 is the initial 

intensity, and α is the absorption coefficient. The absorption coefficient contains the 

wavelength of light associated with the intensity values as well as a parameter known as 

the extinction coefficient. The material dependent information is contained within the 

extinction coefficient, which is the imaginary part of the medium’s complex index of 

refraction. The optical penetration depth is often defined as the reciprocal of the 

absorption coefficient. For metals in the ultraviolet range, this absorption coefficient is 

usually quite high, and the corresponding penetration depth low (on the order of 10nm), 

because of the conduction electrons ability to readily absorb photons. Photoelectrons are 

also strongly attenuated through inelastic scattering with these conduction electrons 

during their migration through the solid, leading to a mean free path in a metal being an 

order of magnitude or more lower as compared to insulators. The steep increase in the 

mean free path of electrons at energies near the Fermi level is attributed to the reduced 

scattering by plasmons in the material.  

In the case of more complex electronically structured materials, the optical 

penetration and escape depth of electrons is less straightforward. Both of these processes 

are strongly influenced by the band structure and microstructure of the material in 
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question. The principal inelastic scattering mechanisms for the emitted photoelectrons are 

electron-phonon and electron-electron collisions. The energy transfer due to electron-

electron scattering is significantly greater than that of the lattice interaction; often a single 

electron-electron collision can result in an energy transfer that will impede escape over 

the potential barrier. For metals, unlike semiconductors, electron-electron scattering can 

occur for any optically excited electron. In semiconductors, the electrons excited into the 

conduction band may be susceptible to significant energy loss through electron-electron 

interactions. 

 PEEM images, in contrast to SEM, display sharply defined surface features at the 

instrumental resolution overlaid with a relatively diffuse background due to information 

below the surface. Fine surface details are imaged at the instrument resolution in PEEM 

and therefore the technique has a small depth of information. Incident photons also 

penetrate into the material and excite electrons within the bulk. Some of these electrons 

propagate to the surface, but are scattered through collisions or microfields, randomizing 

the directions of the electrons with respect to their origin below the surface. As a result, 

images of details below the surface appear diffuse and dim. SEM, on the other hand, 

collects electrons from the full escape depth and therefore has a large depth of 

information. 

Calculations of lateral resolution in PEEM have also been discussed extensively 

by Rempfer [28]. In short, the lateral resolution of a microscope using illumination just 

above the threshold of the sample is limited by the spherical and chromatic aberrations of 

the accelerating field and the spherical aberrations of the objective lens. Spherical 

aberration refers to rays at large angles coming to a premature focus and limits the 
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emission angle of the electrons which fall within the intensity peak representing the 

image of the object. Reducing the spherical aberration coefficient would allow for more 

electrons to fall within the image peak and contribute to the intensity. Chromatic 

aberration (the dependence of focus on electron energy) is manifested in the high-

intensity distributions for different emission energies to occur in different planes. 

Decreasing the chromatic aberration increases the image peak intensity by bringing the 

intensity planes for a range of electron energies into coincidence. The theoretical lateral 

resolution limit for UV PEEM is around 3 to 5 nm [28]; the best resolution achieved to 

date is approximately 10 nm. 

 

1.2.1.3. The PEEM instrument in detail 

 The electron emission microscope used in this study was custom designed by C. 

Kozoil and T. Franz at Elmitec Gmbh according to earlier specifications for studies of 

various metals and semiconductor surfaces given by our lab. The instrument was 

assembled by T. Franz, W.-C. Yang and S. English under the direction of Dr H. Ade and 

Dr R. Nemanich and soon after demonstrated an ultimate lateral resolution of 12nm [29]. 

We will now briefly consider the specifications of the microscope beginning with 

the imaging of the electron signal and working our way to its origin. A schematic cross 

section is presented in figure 10. 

The imaging of the electron beam occurs after it has traversed the length of the 

instrument. The electron signal originating from the specimen is amplified by an Image 

Quality Advanced Performance LongLife Microchannel Plate Detector Assembly 

Chevron 3040FM Fiberoptic with a P20 phosphor screen from Burle Electro-Optics 
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(Sturbridge, MA). This assembly provides a gain of approximately 5.6 x 107 at a test 

voltage of 2400 volts. The image of the phosphor screen is acquired with a CCD DVC 

1312M digital camera from DVC Company, Inc. (Austin, TX). The camera has a 

resolution of 1300 x 1030 pixels x 12 bits, and the DVC View program is used to view 

and save the images. 

The body of the microscope is separated into two chambers, the lens column and 

the object chamber, by a viton sealed gate valve. The gate valve isolates the object 

chamber to allow for high pressure operation, such as thin film deposition, while 

protecting the image intensifier. A Varian 20 l/sec ion pump and a Ti sublimation pump 

keep the lens column at a pressure of ~ 10-10. Both the lens column and the object 

chamber are isolated by two all metal seal valves from a 60 l/s turbo pump backed by an 

oil free diaphragm pump which are used in the initial evacuation of the chambers after 

maintenance. There are six electromagnetic lenses in the instrument, five of which are in 

the lens column portion. Each lens consists of forty or more coils and focusing and 

magnification occur by changing the current through the coils. The electromagnetic 

optics in the lens column, beginning with the lens closest to the gate valve, are the 

transfer lens (TL), the field lens (FL), an intermediate lens (IL), and a double gap 

projector lens (P1, P2). A selectable contrast aperture with perforations of diameters 50, 

70, and 100µm is located after the transfer lens, within the field lens. When used, this 

aperture can aid in filtering electrons with significant angular divergences, which can 

limit the resolution of images. 

The object chamber is pumped by a Varian 75 l/sec ion pump and a Ti 

sublimation pump. Typical base pressures are < 2 x 10-10 and operating pressures vary, 
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depending on the application of heat, up to ~ 1 x 10-8. The objective lens, which creates a 

first stigmatic image near the center of the gate valve with a magnification of ~ x23, is 

located in the object chamber and acts as both an imaging lens and electron acceleration 

source. Both the image plane and the back focal plane can be imaged by the objective 

lens. The back focal plane includes all the electrons emitted in the same direction from 

any point on the surface. By focusing on this plane, the sample can be aligned with the 

lens column through the use of four tilt screws located on the sample stage. These screws 

are capable of a ±4° eucentric tilt. Electrons emitted from the sample, which is typically 

held at -20 kV, first pass through a conical, pierced anode connected to ground before 

traversing the six electromagnetic lenses. The distance between the sample and the anode 

is controlled by the sample manipulator and is typically held in the range of 3 to 5mm. 

The sample stage is capable of spatial manipulation in 3 directions with a maximal 

displacement of ±4mm in  

the x and y direction (in the plane of the lenses) and 25mm along the z axis. The 

movements in the x and y directions are measured by two deflection gauges. The field of 

view of the instrument can be varied between 1.5 µm and 185 µm and electron “optical” 

magnifications can be achieved between 1 x 105 and 2 x 102, respectively. 

The electron microscope can utilize a number of different excitation sources to 

examine emission originating from various mechanisms. In its most basic mode, termed 

field-emission electron microscopy (FEEM), the potential difference between the sample 

and anode is the only mechanism which enables electron emission. The system is also 

capable of sample heating and external light sources can be utilized for photoemission 

studies (designated PEEM). The sample cartridges are capable of heating the sample to 
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1500° C by radiative and electron beam processes. The temperature is measured by a 

W/Re thermocouple also located in the sample cartridge. At the time of this work two 

sources of illumination were available, an Hg-discharge lamp and the Ok-4/Duke Free 

Electron Laser. A frequency doubled Argon Ion laser (Coherent, Innova 300 FReD Ion 

Laser) is now also available as a photon source. 

 

1.2.2. Photon Sources 

1.2.2.1. Hg-arc lamp 

The lamp used in conjunction with the PEEM, an Oriel 100 W high-pressure Hg 

short-arc lamp, produces a continuous spectrum of light with several intensity peaks 

between 250 nm and 450 nm and maximum cut-off photon energy of approximately 240 

nm. A spectrum of the emission from the lamp collected by an Oceans Optics USB4000 

fiber optic spectrometer at an approximate resolution of 0.4 nm is displayed in figure 11. 

The light enters the object chamber through a UV quartz window and is incident at an 

angle of ~ 15° with respect to the sample surface. The quartz window has a photon 

energy cut off of ~ 6.85 eV. 

 

1.2.2.2. The free electron laser 

A free electron laser (FEL) can generate tunable, coherent, high power radiation 

using a relativistic electron beam as the lasing medium. In an FEL, electron kinetic 

energy is converted to electromagnetic radiation by passing the relativistic electron beam 

through an undulating magnetic field, often called a wiggler or undulator, as displayed in 

figure 12. Unlike conventional lasers, the initial and final states of the electrons are not 
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fixed by transitions between bound or atomic states, and instead form a continuum. The 

electrons in an FEL are forced to vibrate by their passage through an alternating magnetic 

field and therefore, FELs possess the ability to generate light with broad tunability. The 

light wavelength can be adjusted by altering the magnetic field or the energy of the 

electron beam. Currently, FELs can produce radiation ranging from the far infrared (1000 

to 100µm) to the vacuum ultraviolet region (200nm). The current short wavelength 

record for lasing with an FEL is ~180nm [30]; FELs designed to work in the X-ray region 

(100 to 1Å) are currently being planned, but these systems would not be appropriate for 

the PEEM measurements presented here-in. 

 

1.2.2.2.1. The development of the free electron laser 

FELs can be regarded as an extrapolation of microwave technology to optical 

wavelengths; the first device to demonstrate the qualities of a free electron laser was 

operated in the microwave region of the electromagnetic spectrum. Research in the early 

1950s on the radiation given off by electrons in synchrotrons or storage rings provided 

the foundation for modern day FELs. By adding alternating magnets to sections of the 

storage ring, the radiation given off could be enhanced; the synchrotron radiation from 

such an arrangement termed a wiggler or undulator is essentially identical to the 

spontaneous, incoherent radiation observed from modern FELs before they begin to lase. 

In 1951, Motz was the first to demonstrated incoherent radiation from an undulator [31]. 

However, this work could not be classified as an FEL since the output lacked coherency. 

The development of the open resonator by Schawlow and Townes in 1958 [32] was a key 

step in the creation of conventional lasers, which had their roots in maser technology. A 
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macroscopic optical resonator that could store significant optical power at short 

wavelengths was central to the FEL concept; the first FEL was developed in 1971 by 

Madey and consisted of a relativistic electron tube with an open optical resonator [33]. In 

the mid 1970s, Madey and his co-workers successfully amplified the output of a CO2 

laser using an electron beam and wiggler configuration [34]. Shortly thereafter, they 

demonstrated lasing in the infrared [35]. Madey and coworkers had demonstrated 

tunability at significantly different wavelengths using the same device, which stimulated 

interest in the scientific community for the concept of the FEL. 

 

1.2.2.2.2. General features of the FEL 

An FEL is composed of three primary parts: a source of relativistic electrons, a 

periodic array of magnets, and an optical resonator. The electron accelerator may be 

either a linear accelerator (linac) or a synchrotron system. Linac FELs are single pass 

devices where the electron beam’s remaining energy, after having interacted with the 

light in the undulator, is lost. FELs using linacs have been designed with wavelength 

operating ranges of the far and near IR [36]. Synchrotron, or storage ring, based FELs 

circulate the electron beam so that it may pass through the undulator multiple times. 

FELs using storage ring electron beams have the potential of operating in the vacuum UV 

wavelength range (<200nm). Both types of electron beam generation systems are 

characterized in terms of electron energy, current, divergence and stability. The undulator 

imposes a transverse acceleration on the electron beam which results in the generation of 

photons. The photons and electron beam propagate through the magnet array together. 

The optical resonator permits the stored radiation to build to the lasing threshold. 
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There are two main modes of operation, alluded to above, for modern FELs, 

spontaneous and stimulated emission. Strictly speaking, these modes correspond to 

operating the FEL in non-lasing mode (spontaneous) and lasing mode (stimulated). In 

spontaneous mode, the FEL emission mechanism is the same as in undulator-based 

synchrotron light sources and the incoherent radiation has a broad range of tunability. In 

contrast, in the lasing mode the range of stimulated emission is determined by the 

reflectivity of the optical cavity mirrors. 

In either mode of operation, the relativistic electron beam traverses the wiggler 

array and the electrons are alternately deflected by the opposing magnets in array. In a 

reference frame moving down the z axis at the mean speed of the electron beam, the 

electrons are oscillating back and forth and radiating energy in all directions. In the 

laboratory frame, the relativistic transform results in the light being focused into a narrow 

forward beam in the direction of the motion of the electrons. This emission can be 

visualized as a wave packet emitted in the successive periods of the magnet. If there are 

Nw wiggler magnets, the wave packet contains Nw periods, which will occur in the time it 

takes for the electron bunch to pass through the undulator. This results in a wave packet 

with wavelength: 

  eq 1.4 

where Bw is the average magnetic field, λw is the wiggler period, and γ is the electron 

energy [37]. The spectral distribution of the emission is a series of harmonics with the 

fundamental line given by the above equation. By changing the electron energy, magnetic 
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field strength, and wiggler period, the emission can be tuned over a wide spectral range. 

The total power of the spontaneous emission radiation is given by: 

 eq 1.5 

where Ee is the electron beam energy, I is the beam current, L is the magnet array length, 

and B0 is the peak magnetic field strength [38]. The ∆λ/λ line width of the spontaneous 

radiation is on the order of 1/Nw; for an array of 100 magnets, ∆λ/λ is ~1% [37]. 

FELs are capable of generating coherent light when a resonance mechanism is 

applied to the incoherent spontaneous radiation [37]. This is known as stimulated 

emission mode. If there is an optical beam propagating parallel to the electron beam in 

the wigglers, the electric field of the optical beam is perpendicular to the motion of the 

electrons. In a reference frame moving at the mean velocity of the electrons, the electrons 

would be oscillating transverse to the wiggler axis. If the electron and electric field are in 

phase, the electron loses energy; if they are out of phase, the electron gains energy. This 

leads to a bunching of electrons in the ring as the less energetic electrons catch up to the 

more energetic electrons. As a result, the electrons become in phase with the incident 

optical field and coherent, which amplifies the incident optical field. The gain is given 

by: 

   eq 1.6 

where E is the electric field of the incident light, I is the beam current, and  is the phase 

difference between the electron emission and the incident optical field [37]. If an external 

source is used as the optical beam, the FEL acts as an amplifier. The FEL may also use a 

partially reflecting mirror in the optical cavity to split the beam from the wiggler into an 
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output portion and a portion used as the input optical beam. In this case, the wavelength 

will correspond to the value which maximizes the amplification. Since the relativistic 

electron beam in an FEL leaves the lasing cavity, an FEL does not encounter the 

problems of heat buildup in the lasing medium which restricts the output power of 

conventional lasers. 

 

1.2.2.2.3. The Duke OK-4 free electron laser 

The Duke FEL is a storage ring based system capable of generating both 

spontaneous emission in a broad wavelength range from infrared to X-rays and coherent 

radiation in the UV to the vacuum UV range [39]. The storage ring is capable of storing 

electrons of between 0.25 and 1.2 GeV. Unlike typical synchrotrons, the Duke storage 

ring forms an oblong structure with two 34 m long straight sections and two 180º arcs. 

The ring can store a maximum of 64 electron bunches. During laser operation, precise 

synchronism between the light pulse round trip frequency and the bunch revolution 

frequency is needed. The north straight section of the ring is designed to accommodate 

RF devices while the south straight section harbors the wiggler magnet array. The gun 

assembly is a standard thermionic cathode design, used in a modified way. The cathode is 

warmed to a point just below thermionic emission, then subjected to a UV laser beam 

pulse to stimulate release of electrons in a narrow energy spread of about 35MeV, which 

are then accelerated to ~275MeV. The PEEM and Duke FEL are arranged as shown in 

figure 13.  

The photoemission results presented herein were measured in conjunction with 

the optical klystron-4 (OK-4) system. The electrons in storage rings have high electron 
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energy (typically >100 meV), meaning the wiggler array in such a system must be long. 

Often times, space restrictions in storage ring based systems limit the length of the 

wiggler array. The optical klystron configuration allows the wiggler array to behave as 

though it was much longer by first modulating the electrons’ velocity in one array of 

magnets, bunching the electrons in the drift section, and finally inducing radiation in a 

second magnet array (figure 16). At the time of this writing, the Duke FEL is performing 

an upgrade of the facility which includes the installation of a new injection booster 

system and the installation of OK-5 undulators. The booster system is designed to take 

the linac injected 274 MeV electrons and boost them up to the ring energy set point, 

thereby allowing electrons to be added to the ring without stopping operations. The 

installation of the OK-5 system will not change the optical cavity length; the OK-5 

undulators are estimated to provide at least a four-fold improvement in optical output 

power and the ability to alter the output laser light polarization [40]. The OK-4 system 

has an optical cavity of 53.73 m (1/2 the length of the storage ring circumference) 

enclosed by mirrors at either end. The magnetic system of the OK-4 consists of an 

electromagnetic buncher surrounded on either end by a 3.5 m electromagnetic wiggler. 

The OK-4 FEL is designed for deep UV lasing, the main parameters for the system are 

listed in table 2 [39]. The photoemission measurements presented in this work were 

excited by spontaneous emission. In addition to this form of radiation generation, the 

OK-4 FEL is capable of providing laser mode and giant pulse mode operation. The 

generated radiation is pulsed; in spontaneous and laser modes, the pulse structure is 

defined by the electron bunch structure with each bunch producing a pulse of light as it 

passes through the FEL. The time structures of the various modes of operation are shown 
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in figure 15. Spontaneous emission pulses are typically 100 ps long at a frequency of 2.8 

MHz for a single bunch and up to 178 MHz for the maximum of 64 bunches. Lasing 

mode pulse durations are typically 10 ps long while giant pulsed emission consists of a 

pulse approximately 100 µs long at a frequency of 60 Hz with each pulse being made up 

of micro pulses with durations of approximately 100 ps [41]. 

The spontaneous radiation from the OK-4 system is theoretically tunable from 10 

nm to 3000 nm. The fundamental output wavelength is given by the equation 

 eq 1.7 

where Ee is the electron energy and Iw is the wiggler coil current and is related to the 

magnetic field strength [38]. This corresponds to a photon energy of 

.  eq 1.8 

Using this equation, a photon beam with a fundamental energy of 5.0 eV is provided by 

an electron energy of 0.5 GeV and a undulator current of 1.5 kA. The line width, ∆E/E, 

of the radiation is less than ~2%, corresponding to an energy width of ~0.1 eV for the 

wavelength range utilized in these studies. The photon flux of the OK-4 system is 

approximately given by  

  eq 1.9 

where I(A) is the electron beam current at the given operating conditions [38]. With 10 

mA of current, a flux of ~1.0 x 1015 photons per second can be produced. For most 
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experiments, the average power measured during spontaneous emission is ~1 mW at 

photon energies in the range of 3.0 to 6.0 eV. The ~1% duty factor of the pulsed OK-4 

output results in a peak power of ~100 mW for the above operating conditions. 

 The OK-4 Duke UV-FEL also can regularly provide tunable photons in the range 

of 3.0 to 6.3 eV. The tuning range for any one mirror configuration is typically 18 to 25 

% around the central energy. The facility has observed wavelengths as short as 32 nm 

from a fourth harmonic [40]. Typically, line widths of ∆E/E = 10-4 are observed during 

lasing operation at the fundamental wavelength. Approximately 10 mW of measured 

average power has been achieved with a ring current of 16 mA and one bunch, resulting 

in a peak power of ~ 100 W [42]. 

 

1.3. Summary 

 This chapter has described the key equipment used for the majority of the 

experiments presented in this study and details the emission mechanisms used to eject 

electrons from the surface of a sample. A description of photoemission, thermionic 

emission, and field emission is included as well as a brief historical summary of the early 

experiments regarding these processes. Our custom built electron emission microscope, 

the PEEM, is described in detail and, in conjunction with the free electron laser at Duke 

University, is a state-of-the-art system for spatially resolving electron emission.  
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1.5. Tables 

Table 1.1. Lichtman’s classifications. 

 

Lichtman’s classification of surface analytical techniques is shown above [16]. The 

approach considers eight input probes (electrons, ions, neutrals, photons, electric field, 

heat, magnetic field, and sonic waves) and four output particles (electrons, ions, neutrals, 

and photons). 
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Table 1.2. Parameters for OK-4 FEL. 
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1.6. Figures 

 

Figure 1.1. Paths of electron excitement.  

Illustrations of electron emission from a metal with work function Φ. The left diagram 

shows photoemission in which an incoming photon of energy (h) x (frequency) excites an 

electron above the work function of the material and into the vacuum with energy = 1/2 

mv2 = hf – Φ. The center diagram illustrates thermionic emission where applied heat of 

magnitude kT excites an electron over the surface potential barrier. The right diagram 

shows quantum mechanical tunneling in which an electron escapes from the metal by 

tunneling through the potential barrier which has been deflected due to the application of 

an electric field. 
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Figure 1.2. Thomson’s Crookes tubes used for detecting cathode rays. 

Illustrations of Crookes tubes taken from Thomson’s original publication, "Cathode 

Rays," The London, Edinburgh, and Dublin Philosophical Magazine and Journal of 

Science, Fifth Series, October 1897. A Crookes tube is simply an evacuated glass tube 

used to examine cathode rays. Thomson deduced the light ejected particles in 

photoemission experiments were electrons, termed corpuscles at the time, by shining high 

frequency radiation on the cathodes (marked c in the illustrations) of the tubes and 

showing the results were identical to earlier his earlier experiments. 
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Figure 1.3. Millikan’s chamber and collected photoemission data. 

Illustrations of Millikan’s chamber and data collected; taken from his original 

publication, A Direct Photoelectric Determination of Planck's “h”, Phys. Rev. 7, 355–388 

(1916). 
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Figure 1.4. Chart of emission microscopes. 

A chart of emission microscopes is presented. Scanning techniques are listed in shaded 

boxes, direct techniques which do not utilize a cathode lens are listed in dashed boxes. 
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Figure 1.5. Metal versus semiconductor emission paths. 

Dotted lines represent the paths of emission for an electron from a metal (left) and a 

semiconductor (right). The band structure of the semiconductor is defined by the band 

gap (Eg = the difference between the valence band maximum (VBmax) and the conduction 

band minimum (CBmin)) and the electron affinity (χ = difference between the CBmin and 

the vacuum level (Evac)). Semiconductor emission may occur from the valence band 

maximum, mid gap states, or surface states (SS). 
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Figure 1.6. TiSi2 on silicon. 

A PEEM image of TiSi2 nanowires and islands taken at 248nm illumination is shown. 

Contrast arises, as illustrated at right, from the difference between the silicon substrates 

photothreshold and the photothreshold of the TiSi2.  
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Figure 1.7. Contrast due to topography and the effects of the aperture. 

Contrast may arise from the blocking of electrons emitted from steep slopes of a sample 

[24]. In the illustrations above, electrons are emitted from four locations on a sample. The 

electron emitted from the steep slope of the topographic feature strikes the aperture and is 

thus not collected. The resulting image shows a dark ring around the emitting feature due 

to this phenomenon. 
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Figure 1.8. Schottky barrier lowering.  

The image potential is plotted as a function of applied field. There are two effects which 

are of note. First, the potential is more steeply deflected with increasing field, allowing 

for increased electron tunneling. Second, the barrier maximum is decreased with 

increasing field. This phenomenon, know as Schottky barrier lowering, will have an 

effect on photo and thermionic emission. 

 

 

 

 

 



 38

 

Figure 1.9. Shadow contrast in the PEEM. 

Contrast in PEEM imaging is also obtained due to the non-normal illumination of the 

sample surface. The shadows cast by surface features can assist in determining whether 

the feature is a pit or a protrusion, as illustrated at top left. At top right, the direction of 

the shadow cast by a protrusion is shown for illumination by the Hg arc lamp. Two 

examples are given at bottom, one of protrusions (left) and one of pits (right). 
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Figure 1.10. Diagram of the Photoelectron Emission Microscope. 

A schematic cross section of the PEEM is presented. 
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Figure 1.11. Spectrum of the Hg-arc Lamp. 

A spectrum of the mercury arc lamp is shown above along with a standardized spectrum 

(inset). The spectrum was collected with an Oceans Optics USB4000 fiber optic 

spectrometer with an approximate resolution of 0.4 nm. The high energy cut-off of the 

lamp is approximately 5.1 eV. 

 

 

 

 

 

 

 

~243nm = 5.1 eV
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Figure 1.12. The optical cavity of an FEL. 

A schematic of the optical cavity of a Free Electron Laser is shown. A relativistic 

electron beam is passed through an alternating magnetic field, often called an undulator 

or wiggler. The undulator imposes a transverse acceleration on the electron beam, 

resulting in the generation of photons. 

 

 

 

 

 

 

 

 

 



 42

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13. Schematic of the OK-4 FEL and PEEM at Duke University. 

The coupled system of the Duke UV-FEL and the PEEM are shown. Radiation from the 

UV-FEL is coupled into the PEEM through UV compatible mirrors and lenses. The 

undulator parameters can be controlled at the PEEM workstation.  
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Figure 1.14. Schematic of an optical klystron. 

A schematic of an optical klystron is shown. Often times, space restrictions in 

synchrotrons limit the length of the wiggler array. The optical klystron allows the wiggler 

array to behave as though it was longer by modulating the electrons velocity in one 

magnet array and inducing radiation in a second array. 
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Figure 1.15. Pulse structure of the different emission modes in FEL. 

A schematic of the pulse structures available to the Free Electron Laser at Duke 

University. (a) Spontaneous emission mode consisting of pulse trains of 1 to 64 bunches, 

τ = 100 ps, T = 360 ns. (b) Lasing mode, τ = 100 ps, T = 360 ns. (c) Giant pulse mode τ = 

100 µs, T = 20 ms. τ is the micro-pulse duration and T is the micro-pulse separation. 
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2.0. Melanosome research 

Papers: 

L Hong, J Garguilo, L Anzaldi, GS Edwards, RJ Nemanich and JD Simon, Age-

Dependent Photoionization Thresholds of Melanosomes and Lipofuscin Isolated from 

Human Retinal Pigment Epithelium Cells, Photochemistry and Photobiology 2006 in 

print. 

J Garguilo, L Hong, GS Edwards, RJ Nemanich and JD Simon, The Surface Oxidation 

Potential of Melanosomes Measured by Free Electron Laser Photoelectron Emission 

Microscopy, Photochemistry and Photobiology 2006 in print. 

WD Bush, J Garguilo, FA Zucca, A Albertini, L Zecca, GS Edwards, RJ Nemanich and 

JD Simon, The surface oxidation potential of human neuromelanin reveals a spherical 

architecture with a pheomelanin core and a eumelanin surface, Proceedings of the 

National Academy of Sciences 103 (40): 14785 Oct 2006. 

T Ye, L Hong, J Garguilo, A Pawlak, GS Edwards, RJ Nemanich, T Sarna, JD Simon, 

Photoionization thresholds of melanins obtained from free electron laser-

photoelectron emission microscopy, femtosecond transient absorption spectroscopy 

and electron paramagnetic resonance measurements of oxygen photoconsumption, 

Photochemistry and Photobiology 82 (3): 733-737 MAY-JUN 2006. 

A Samokhvalov, L Hong, Y Liu, J Garguilo, RJ Nemanich, GS Edwards and JD Simon, 

Oxidation Potentials of Human Eumelanosomes and Pheomelanosomes, 

Photochemistry and Photobiology 81 (1): 145-148 JAN-FEB 2005. 

A Samokhvalov, J Garguilo, WC Yang, RJ Nemanich, GS Edwards and JD Simon, 

Photoionization Threshold of Eumelanosomes Determined Using UV Free Electron 
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Laser-Photoelectron Emission Microscopy, Journal of Physical Chemistry B 108 

(42): 16334-16338 OCT 21 2004. 

 

 Measuring and understanding oxidation potentials of biological entities is an 

important aspect to assessing their role in bodily interactions, both beneficial and 

deleterious. To date, natural pigments (most notably melanin and the associated 

organelle, the melanosome) have proved difficult to probe. In this section, we describe 

the development of a technique to measure the photothreshold of a heterogeneous sample 

on a microscopic or smaller scale using UV-FEL PEEM. The technique is then applied to 

melanosomes isolated from hair, eyes, and brains of humans and conclusions are drawn 

based on the results. 

 

2.1. Previous biological PEEM work  

A variety of information can be obtained from the measurement of 

photoelectrons. The kinetic energy of the electrons is used extensively in the fields of 

ultraviolet photoelectron spectroscopy and X-ray photoelectron spectroscopy for the 

study of the electronic structure of the sample. Photoelectron yield spectroscopy 

measures the number of photoemitted electrons per incident photon and has led to the 

development of modern photocathodes. Classically, these experiments have been carried 

out using non-imaging techniques on macroscopically uniform samples. Information on 

the positions from which the electrons leave the surface provides the basis for imaging a 

sample on the microscopic or smaller scale.  
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Photoelectron emission microscopy in conjunction with free electron laser 

capabilities allows for the investigation of the photothreshold of samples on a 

microscopic scale by combining imaging techniques with wavelength dependent 

photoyield measurements. The technique is underpinned by two significant developments 

that occurred in the early part of the twentieth century; Einstein’s explanation of the 

photoelectric effect in 1905 and the development of the electron lens credited to Ruska in 

1933. In PEEM, an optical image of emitted electrons from a sample is formed upon 

illumination by a beam of light. For many materials, in order for bound electrons to 

overcome the potential barrier at the sample surface, excitations of 3 to 7 eV above their 

ground state need to be realized. An ultraviolet light source is necessary to achieve this 

energy range. However, the relatively low intensity of conventional laboratory UV 

sources, and the lack of energy tunability of the available sources, has restricted the 

principal capabilities of the PEEM. The OK-4 ultraviolet free electron laser at Duke 

University (OK-4 / Duke UV FEL) provides a tunable, high intensity light source in the 

necessary energy range to probe threshold photoelectric emission. Our current series of 

experiments had their foundation in earlier work on partial metallic layers [1]. In these 

earlier exercises, sub monolayers of copper were deposited on molybdenum substrates. 

As the photon energy of the FEL was varied, the difference between the photothresholds 

of the metals was clearly evident. Although these experiments were only qualitative in 

nature, they laid the groundwork for our current undertakings. 

Biological samples have previously been examined by other groups with PEEM 

techniques, although the literature does not hold an abundance of studies. In these 

experiments, imaging of the sample was the main goal and the fine topographic contrast 
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of the PEEM technique was utilized to reveal substructural detail. The slow moving 

photoelectrons are readily deflected by microfields of the sample surface which allows 

for very fine detail to be detected but renders large variations in topography difficult to 

image. The theoretical limit of resolution of PEEM is approximately 5 nm without the 

addition of an aberration corrector [2]; current maximum resolutions are in the 7 to 10 nm 

range. The first biological images recorded using an electron microscope were of a 

Sundew plant, reported by Martin in 1934 [3]. PEEM imaging was further applied to 

biological samples as early as 1972 [4]. Studies on DNA have been able to detect the 2 

nm diameter strands and observe the point where two strands crossover each other [5]. 

Additional imaging has been done on viruses [5], eukaryotic cells [6], cultured cancer 

cells [7], and cytoskeletons [8] although a number of these samples required metal-

coating to alleviate their low electrical conductivity. Because of this preparation 

procedure, caution must be exercised in correlating PEEM-observed structures with those 

of in vivo samples. There have also been a number of studies detailing the photoemission 

quantum yields of biological samples although no threshold photoionization energies 

have been reported [9, 10]. In these experiments, a suitable substrate is fully coated with 

the film of interest. The total photocurrent on a phosphor screen was measured with an 

attached electrometer when the photon energy of the exciting light was varied. This 

allows determination of the absolute photoemission quantum yield. Photoemission 

quantum yields were reported for poly-(amino acids) [9], sugars, and some other 

biopolymers [10]. With a tunable light source, threshold photoionization energies can be 

determined. In the case where the biological sample contains a rich spatial structure, it is 

possible that the threshold ionization energy differs for the various constituents, and 
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therefore wavelength-dependent PEEM images will provide both imaging information as 

well as variation of the chemical properties (ionization potential) within the imaged 

region. 

 

2.2. Background on melanin and the melanosome 

 Melanin is a biological polymer found throughout the kingdoms of life and is 

generally classified into four groups. The classifications are eumelanin (the black-brown 

pigment), pheomelanin (the yellow-red pigment), neuromelanin, and allomelanin (found 

most commonly in fungi). For this study, we are interested in pigments originating in the 

human body and several animal variations which are commonly used as models for the 

human pigments. Therefore, allomelanin was not studied in this research. Melanin can be 

found in the skin, hair, eyes, inner ear, and brain of the human body; varying levels of the 

different types of pigments accounts for much of the color variation in humans. Besides 

pigmentation, melanin is associated with a number of chemical activities including 

photoprotection [11-13], free radical scavenging [14], chemical filtering, and metal ion 

chelating [15].  

 The majority of research on melanin thus far has focused on pigments found in 

the skin and hair. In these regions, melanin is produced in specialized cells called 

melanocytes and is bound within specific organelles called melanosomes. The 

melanosomes may be transferred from the melanocyte to surrounding cells such as 

keratinocytes in the skin. Melanocyte dendrites reach up in the epidermis to contact about 

36 keratinocytes, transferring their melanosomes to these cells. Melanocyte numbers are 
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similar for both sexes and all races; skin coloration is determined by the number, size, 

distribution, and melanin content of the melanosomes. 

In the eye, melanocytes are found in the choroid and melanin can also be found in 

the iris and the retinal epithelium layer. Another ocular pigment of interest, lipofuscin, 

will also be examined. Lipofuscin is found in the retinal epithelium layer and develops as 

a consequence of aging. 

The highest concentrations of neuromelanin are found in the substantia nigra and 

locus coeruleus regions of the midbrain. Unlike the peripheral melanins, neuromelanin is 

produced in specific neurons in the brain and is believed to be stored in the cells in which 

they were produced. 

 Melanosomes isolated from human hair, the eye and the brain are the subject of 

this study. Melanosomes are heterogeneous organelles composed of varying percentages 

of pheomelanin and eumelanin as well as a protein scaffold for the pigment and various 

metals and toxins bound through its protective role [16]. Pheomelanin and eumelanin 

differ in both color and chemical structure. The melanogenesis for both pigments initially 

begins with the enzymatic oxidation of tyrosine to dopa and dopaquinone (figure 1). The 

intramolecular cyclization of dopaquinone followed by oxidation generates dopachrome 

and in the presence of dopachrome tautomerase (tyrosinase-related protein-2), 

dopachrome can be transformed into 5,6-dihydroxyindole-2-carboxylic acid (DHICA). 

This reaction occurs in competition with the decarboxylation of dopachrome to form 5,6-

dihydroxyindole (DHI). Both DHI and DHICA can be oxidized to their respective 

quinones. All of these molecules are precursors of eumelanin and further oligomerization 

of these monomers constitutes the pigment, eumelanin. Dopaquinone can react with 
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cysteine if it is present to form a variety of cysteinyldopa adducts that generate 

benzothiazine intermediates and oligomerize to form pheomelanin. The chemical 

structures of eumelanin and pheomelanin remain undefined [17]. One contributing reason 

for the lack of molecular information stems from the range of isolation procedures used, 

many of which affect the chemical structure of the pigment obtained. 

 Electrochemical properties of melanins have been considered important since as 

early as 1930 [18]. For instance, the presence of melanin in tissue is found by histology 

upon redox reaction of melanin with silver–ammonium complex [19]. Redox properties 

of natural melanins, especially their oxidation potentials, are important in assessing the 

role of melanins in oxidative damage in cells. Oxidative stress from melanin may be 

imposed on a cell through the generation of a reactive oxygen species, such as 

superoxide. Despite the need to know oxidation potentials of natural, in particular, human 

melanins, virtually no quantitative data have been reported. Several studies have focused 

on comparing the reactivity of eumelanin and pheomelanin [20-28]. Both melanins 

inhibit UV-induced liposomal lipid peroxidation, and the photochemical uptake of 

oxygen by eumelanin and pheomelanin are comparable [23, 25]. The oxidative and 

reductive reactions of synthetic and natural melanin have been probed by examining 

reactions between these pigments and various free radicals [20], and both pigments act as 

a free radical scavenger for oxidizing and reducing radicals. A direct comparison of the 

behavior of human pheomelanosomes and eumelanosomes has not been reported; 

however, there is a higher rate of incidence of UV-induced skin cancer among red-haired 

and fair-skinned individuals. In support of the hypothesis that this results, in part, from 

photosensitization effects of pheomelanin, Prota and coworkers determined that for 
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individuals of comparable skin and hair color, a relationship existed between the 

pheomelanin–eumelanin ratio in the hair melanin and the minimal erythemal dose values 

[29], suggesting UV sensitivity is associated with high pheomelanin and low eumelanin 

levels. 

Melanins exhibit some physical properties similar to those of amorphous 

semiconductors [30, 31], so the experimental approaches used to study such materials 

may be amenable to melanin. Specifically, synthetic melanin pigment was found to have 

threshold switching characteristics. When placed in series with a load resistor, increasing 

current is measured with an increasing applied potential. As the voltage is increased, the 

current follows an “off” state until a threshold voltage is reached. The current then 

follows a line whose slope is inversely proportional to the load resistance until reaching 

the “on” state. This cycle is repeatable indefinitely and depends on film thickness. In the 

“off” state, conductivity was found to be approximately 10-5 Ω-1cm-1. In the “on” state, 

conductivity was increased 1000 fold. 

 With the developed photothreshold measurement technique, a variety of samples 

have been examined. Melanosomes isolated from red and black hair have been analyzed 

in order to determine any differences in oxidation potential and to link these differences, 

if present, to oxidative stress based on melanin type. Ocular pigments from eyes of 

varying age have been examined to give insight into the changes of oxidation potential 

due to pigment type, eye color, or age. This information may have implications to the 

mechanisms associated with macular degeneration. Also, neuromelanin has been 

analyzed. The decrease in neuromelanin has been linked with the onset and progression 

of Parkinson’s disease as pigmented neurons are rapidly degraded. It has been 
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hypothesized that neuromelanin serves a protective role in neurons experiencing a high 

oxidative load by binding toxic compounds and free radicals. Upon degradation of the 

neuromelanin, these bound toxins could be released and contribute to the death of the 

neuron. 

 

2.3. Developed procedure for determining photothreshold 

 This section will establish the FEL-PEEM procedure for determining the 

photothreshold of a heterogeneous sample on a micron scale which will subsequently be 

used to examine a variety of melanosome samples. The measurements have been tested 

using a control sample of titanium silicide nanoislands. 

 

2.3.1. Sample preparation 

A section of a silicon wafer (n-type, <111>, resistivity 0.8 to 1.2 Ω cm) was 

employed as the substrate for the titanium silicide sample. The wafer was cleaned by UV-

ozone exposure followed by an HF based spin etch, and then by in-situ annealing at 900 

ºC for 10 min (base pressure ≤ 2 x10-10 Torr). For the titanium silicide sample, about two 

monolayers of Ti were deposited by electron beam evaporation at a rate of 1 monolayer 

per minute onto the clean Si surface at room temperature by electron beam evaporation. 

The sample was then heated to 1000 ºC for 10 minutes to induce TiSi2 island formation 

[32], cooled to room temperature, and examined with the forthcoming UV-PEEM 

procedure.  
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2.3.2. Measurement procedure 

2.3.2.1. Data acquisition  

PEEM measurements were carried out in the previously described Elmitec UHV 

photoelectron emission microscope. The distance between the anode and sample surface 

was typically ~ 4 mm resulting in an applied field of ~ 5 V µm−1. 

We utilized the spontaneous emission mode of the Duke UV-FEL in the spectral 

range ~200 to ~400 nm (~6.0 to ~3.0 eV), with an energy full width at half-maximum of 

~0.1 eV. The specifications of the Duke FEL are described elsewhere [33]. The output 

radiation of the FEL in spontaneous mode at high energies corresponds to the on-axis 

radiation into the forward light cone for the fundamental harmonic only. At high photon 

energies (> 4 eV) the higher harmonics do not affect the PEEM images due to almost 

complete absorption in the air and optics. For energies at or below 4 eV, a second 

harmonic effect was observed, as in figure 2. A cut-off filter was inserted into the beam 

line (~95% transmission at 4 eV) to negate any harmonic effects for low energies.  

Assemblies of melanosomes were typically imaged at fields of view in the PEEM 

of 20 or 50 µm. The FEL spot size focused on the sample can be described as an 

elongated oval with approximate diameter equal to 100 µm and length of several 

millimeters. The FEL focus was optimized for each wavelength. 

 An image for each wavelength of light, corresponding to a single data point on the 

photoionization threshold curves, was recorded and converted to an 8-bit file. An area in 

each image, corresponding to one or to a few melanosomes, was then selected at each 

wavelength, and the histogram of the region was copied and pasted into either Excel or 

Igor software. The size and shape of the selected region was kept constant between 
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wavelength images. The X column of the histogram contains the 8-bit scale gray scale 

depths, i, in units from 0 to 255, and the Y column contains the number of pixels, N(i), in 

the histogram, having the given gray scale depth, i. At each wavelength examined the 

integrated brightness, S, where 

    eq 2.1 

was calculated for each fragment. This value is taken to be proportional to the 

photocurrent collected from the region. The integrated brightness for each emitting 

portion is affected by several instrument parameters. If these instrumental settings are left 

unchanged during a wavelength sweep, S(λ) changes considerably and suffers from 

intensity saturation. The ideal shape of the intensity histogram would be a Gaussian 

distribution centered close to i = 128. Intensity histograms partially or completely located 

at i = 0 or i = 255 are regarded as black or white saturated, respectively. In these cases 

information regarding the brightness of the emitting portion is lost, and the photoelectron 

current is no longer proportional to S (figure 3). In order to avoid these artifacts, the 

software gain of the DVC imaging program was adjusted accordingly. The integrated 

brightness was then corrected using the voltage gain equation: 

gain (db) = 20 log10 G .   eq 2.2 

On occasion, the available software gain does not provide a broad enough range to limit 

saturation. In these cases, a single change to the voltage across the microchannel plate 

was used. To calibrate for this change on S, PEEM images were collected at fixed 

wavelength and software gains, but with different MCP voltages. The ratio of S between 

images obtained at the same wavelength provided the needed correction factor. The 
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incident photon flux at each wavelength of the FEL also affects the integrated brightness 

of the emitting region. The incident power of the spontaneous radiation at the input port 

of the PEEM depends on the current in the FEL storage ring and any absorption that may 

occur due to optics in the beam path. Because of the large number of possible 

permutations, power measurements were recorded for each wavelength at a minimum of 

five different FEL ring currents. The incident power was then taken from linear 

extrapolations of the data, and S was normalized to a constant photon flux (photons/sec) 

for each wavelength. The power as a function of FEL ring current for four wavelengths is 

displayed in figure 4. The linear nature of the power versus ring current is evident and 

was observed at all wavelengths of interest. We could not determine the light fluence 

directly on the sample within the microscope; therefore, the wavelength-dependent data 

reveal relative, not absolute, photoionization quantum yields. 

 

2.3.2.2. Data fitting 

 In 1931, Fowler reported an expression for the photoelectric current in the vicinity 

of the threshold for emission as a function of temperature and frequency of incident 

radiation [34]. Photoelectric emission data for gold, silver, tin, potassium, and tantalum 

were analyzed based on this model, and the measured values of photocurrent as a 

function of temperature and incident light displayed excellent agreement to the 

theoretical fit. Dubridge, in 1933, extended the theory presented by Fowler to account for 

the energy distribution of the emitted electrons [35]. These papers, taken together, form 

the basis for what is known as the Fowler-Dubridge theory of photoemission. 
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A temperature independent version of the Fowler equation was first used to deduce the 

photothreshold for emission. 

   eq 2.3 

In the above expression C is a constant and depends on the particular material studied, 

 is the threshold photoionization potential and hν is the photon energy. If a plot of 

S(λ)1/2 as a function of hν is linear, then the threshold photoionization potential  is 

obtained by determining the value of ν where S(λ)1/2 → 0. This procedure ignores any 

contributions to the photocurrent due to the thermal distribution of energies in the sample. 

If the thermal contributions are taken into account, the photocurrent is expected to 

approach the energy axis asymptotically due to Fermi-Dirac statistics. Figure 5 shows the 

Fermi function near the photothreshold for a metal with Fermi energy of 4.5 eV at 0ºK 

and 300ºK. Electrons populating states above the Fermi energy will result in a thermal 

tail in the photothreshold curves. Figure 6A shows data collected from a titanium silicide 

elongated island plotted according to the above equation. There are clearly two linear 

extrapolations to zero present in the data, indicating that the material has two 

photothreshold values. While a heterogeneous film may have multiple photothreshold 

values due to its varying composition, the titanium silicide nanowire is expected to have 

only a single value. In an effort to elucidate this inconsistency, we have adopted a fitting 

procedure which accounts for thermionic emission. 

The experimental data herein was fit using Fowler’s first analysis of observation 

equations and accounts for the effect on the distribution of electrons with temperature. In 

this treatment, the photocurrent, which we have taken to be proportional to the integrated 

brightness of the region under analysis, is described by: 
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 eq 2.4 

where A is a scaling constant independent of ν and T. In the above equation, f ( u ) is a 

term by term integration of the number of available electrons in a certain energy range 

described by Fowler and is given by: 

  eq 2.5 

The values of the scaling constant, A, and the photothreshold, χ, can be determined by 

curve fitting software using an iterative Levenberg-Marquardt algorithm that minimizes 

the chi-square value. When this method is applied to the titanium silicide data, as in 

figure 6B, a single photothreshold value is obtained. 

 As mentioned earlier, because of the presence of different functional groups in a 

sample, it is possible to observe more than one threshold potential. Each such threshold 

would be described by the above functional form. Thus the threshold potential(s) can be 

determined by a nonlinear least-square fit of equation 2.4, or a linear combination of the 

form given in equation 2.4, of a plot of S / T2 versus hν / kBT. 

 

2.3.2.2.1. Heating due to FEL 

 The above analysis requires knowledge of the temperature of the sample. In 

fitting the experimental data to the Fowler equation, this value is taken to be that of the 

temperature of the substrate in the vacuum chamber. However the incident light 

penetrates through the sample and thereby exceeds the escape depth of electrons. Thus, 

photoionization occurs within the materials, and for the electrons that do not escape, this 
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energy is released through the emission of lattice-phonons. This process will result in a 

temperature increase in the sample. It is important to determine the magnitude of the 

change relative to the ambient temperature of the sample. The spontaneous emission of 

the Duke-FEL is well-modeled by a train of square-wave pulses as in figure 7. Each train 

consists of 10 pulses with constant peak power, P, with pulse duration of ∆t and a spacing 

between pulses of Tp. The train has a repetition period of Tt.  Following the work by Liau 

[36], the temperature profile of the sample is given by 

  eq 2.6 

where t is time, z is the depth into the sample, Tr is room temperature, and ρ, s, and Dh 

are mass density, specific heat, and thermal diffusivity of the sample, respectively. 

Taking z = 0, equation 1 yields  

    eq 2.7 

with Tm, the maximum temperature rise, being given by 

  eq 2.8 

Taking the duty cycle of each pulse in the train to be 5x10-2 and the duty cycle of the 

train to be 2x10-1, the peak power of a single pulse is approximately 100 mW. The FEL 

irradiation, focused to a diameter 100 µm, is incident on the surface of the sample at an 

angle of approximately 10º and illuminates an ellipsoidal area. Taking this into 

consideration and assuming the entire pulse is delivered to and absorbed by the 

melanosome, the corresponding maximum temperature rise per peak is 0.012 K. If there 
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is no cooling between pulses in the train, the maximum temperature rise per train is 0.12 

K. The time between pulses is approximately 300 ns, which is sufficient for complete 

cooling, meaning this value represents an over-estimate of the ambient rise in sample 

temperature during the experimental run, and the effects of transient heating are 

negligible. Previous modeling of high powered infrared pulses delivered by the FEL to 

alternating layers of protein and saline indicated the possibility of ablation due to heating 

[37]. However, the experimental details (both material studied and beam pulse structure 

and power) presented here are significantly different from this previous study; No rise in 

temperature was detected at the sample surface during our experiments. 

 

2.3.2.2.2. Topographic effects 

The topographic features of the melanosome samples could give rise to “edge-

effects” that may affect the measured photothreshold values. To address this point, we 

have examined the threshold potentials of nanostructures of TiSi2. The TiSi2 islands 

typically have diameters between 200 and 600 nm and are assumed to be approximately 

hemispherical in shape. Figure 8 presents a PEEM image of the TiSi2 islands and 

nanowires obtained at photon energies of 5.0 eV. The wavelength-dependent intensity 

data for the central nanowire in the image is also shown. The data are well described by 

equations 2.4 and 2.5, revealing a photothreshold of 4.7 ± 0.2 eV, also in good agreement 

with the reported work function. Therefore, we conclude that the topographic features of 

TiSi2 nanostructures do not result in a significant deviation of the measured 

photothreshold. Melanosome samples have more significant topography than the TiSi2 

islands, although they may be considered hemispherical in shape also, which may affect 
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the vacuum barrier in the photoionization measurements. Figure 9 shows a scanning 

electron micrograph of melanosomes isolated from the ink sac of sepia officinalis and 

human hair. As these images show, intact melanosomes range from spherical to 

ellipsoidal structures with a long axis diameter of up to ~1 µm. Such “sharp” structures 

could give rise to electric field enhancement, which could affect the measured potential. 

The most commonly recognized influence of a high electric field is the deflection of the 

potential barrier and it’s implications to the phenomenon known as field emission. 

However, a second consequence of the applied electric field is a lowering of the potential 

barrier. This is commonly referred to as the Schottky effect. In the case of melanosomes, 

the field enhancement should be well approximated by a hemispherical geometric object 

on a plane, which is a system that has been solved exactly and has a field enhancement 

factor equal to 3 [38]. An enhancement of this magnitude would result in a reduction of 

the vacuum barrier of ~ 0.13 eV, which is within the uncertainty of the measurement, 

±0.2 eV. 

 

2.3.2.2.3. Vacuum to electrochemical potential 

 In order to draw conclusions about the reductive capabilities of melanosomes, it is 

necessary to relate the vacuum potential measured in the UV-FEL PEEM experiments to 

an electrochemical oxidation potential. From the perspective of surface science, the 

surface of a metal electrode is described by its work function while from an 

electrochemical perspective the same surface is described by its potential relative to the 

normal hydrogen electrode (NHE). Both of these properties quantify the amount of work 

needed to remove an electron from the electrode surface into the surrounding media, 
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whether vacuum or aqueous solution, and thus it is expected that there is a relationship 

between the two scales (figure 10). This is an accepted concept and several groups have 

researched the conversion of one scale to the other [39-45].  

While vacuum potentials can be measured in an absolute way, it is not possible to 

measure the voltage of a single electrode in an electrochemical set-up; only the difference 

in potential between two electrodes can be measured. If, however, a particular electrode 

is set to a specific numerical value, then one can assign voltages to single electrodes. To 

define the electrochemical scale, the oxidation potential of a metal in an electrochemical 

system needs to be related to its vacuum work function. 

 The electron work function of a metal, Ф', in contact with a solution can be 

described by: 

    eq 2.9 

In the above expression, Ф is the work function of the clean metal in vacuum and ∆Ф is 

the change induced by liquid contact which has been given by 

  eq 2.10 

where δχM is the perturbation of the electron profile at the surface of the metal, δχS 

encompasses any effects of the solvent dipole layer, and ∆φion refers to any possible 

charge separation across the interface [45]. Ф' is also the electrode potential of the metal 

in contact with the solution in an electrochemical cell. When conditions of electrical 

neutrality of the surface are met, ∆φion is, by definition, equal to zero. This is referred to 

as the potential of zero charge, Eσ = 0, and if it is measured against a reference electrode, 

then: 
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 eq 2.11 

where the constant depends on the specific reference used in the electrochemical scale 

[45]. 

To date, the connection between these two scales has focused on comparing 

electrochemical and work function data on Hg [46, 47]. The work function of Hg is ~ 

4.50 eV, and the contact potential difference between uncharged Hg and water has been 

reported to be -0.25 V. The Eσ = 0 for Hg in water is -0.19 V vs NHE. These data indicate 

that the 0V assigned to the NHE corresponds to -4.44 V on the vacuum scale. This is the 

IUPAC recommended value and will be used in our subsequent discussion. It is worth 

mentioning that different examinations of the relationship between these two scales 

reported to date have revealed a range for this value, from ~ -4.4 V [48] to ~ -4.8 V [49, 

50]. Generally, measurements incorporating the contact potential difference of the 

uncharged metal and the work function of the clean surface result in the higher values in 

this range while studies of immersed electrodes, which are expected to retain their 

interfacial region, result in the lower values. 

 

2.3.3. Control measurements 

 TiSi2 nanoislands and nanowires represent a control measurement for our UV-

FEL PEEM analysis. The work function for the bulk material has been determined by 

established methodologies to be 4.53 ± 0.03 eV [51], while the measured threshold of 4.7 

± 0.2 eV has been obtained from the above described technique. We have also previously 

reported the UV-FEL PEEM results from 10 nm thick Ti films deposited at a rate of 0.1 

nm/min by electron beam evaporation onto cleaned silicon surfaces at room temperature 
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and found a threshold potential of 4.5 ± 0.2 eV [52], in reasonable agreement with the 

reported work function of 4.33 eV. 

 

2.4. Hair melanosome research 

2.4.1. Introduction  

Epidemiological studies reveal that people with different pigments have varying 

risk factors for both nonmelanoma and melanoma skin cancers. Specifically, red-haired 

individuals have been assessed to have three to six times higher risk and blond-haired 

individuals have been assessed to have 1.3 times higher risk for developing 

nonmelanoma skin cancers than those with dark hair [53]. In the case of melanoma, 

Veierød and coworkers found that the risk for red-hair individuals was four times higher 

than that for black- or dark brown-haired individuals [54]. Differences in natural hair 

color reflect the underlying molecular composition of the melanin pigment. Pheomelanin 

(the yellow-red pigment) and eumelanin (the brown-black pigment) share a common 

beginning to the melanogenesis pathway. Eumelanin derives from the oxidative 

oligomerization of tyrosine. The two central monomer units commonly invoked in the 

discussion of the eumelanin pigment are 5,6-dihydroxyindole and 5,6-dihydroxyindole-2-

carboxylic acid. For pheomelanin, the synthesis of leucodopachrome in the eumelanin 

pathway completes the reaction of dopaquinone and cysteine to form 5-S-cysteinyldopa, 

which then reacts to form benzothiazine moieties that are incorporated in the final 

pigment. 

The hair and skin melanocytes originate from the neural crest [55], so it is 

reasonable to hypothesize that they could make the same pigment. There has been 
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extensive research on the differences between the types of pigments although little 

quantitative data exists regarding the oxidation potentials of the pigments. Thody and 

coworkers studied the eumelanin and pheomelanin content in the epidermis of varying 

skin types and compared those results with the corresponding content in hair [56]. They 

found that the ratio of pheomelanin to eumelanin in the epidermis correlated with that in 

hair, but that the concentration of the pigment in hair was in excess of 20 times that in the 

epidermis. This study establishes that the pigment present in hair can be used as an 

excellent model for that present in the melanocyte in skin. With this in mind, the 

epidemiological data suggest that increased pheomelanin content results in an increased 

risk for melanoma and nonmelanoma skin cancers. This hypothesis was examined by 

Prota and coworkers who found a relationship between the skin's minimal erythemal dose 

and the pheomelanin-to-eumelanin ratio in the hair, indicating that UV sensitivity is 

associated with high pheomelanin and low eumelanin levels [29]. However, recent work 

by Hennessy et al. examined eumelanin and pheomelanin concentrations in human skin 

before and after exposure to UV radiation [57]. Their findings show little change in the 

ratio of these pigments between skin types or upon exposure to UV radiation, suggesting 

that the presence of pheomelanin (or the ratio of eumelanin to pheomelanin) does not 

account for the difference in UV sensitivity between different skin types. They speculate 

that factors other than the amount of pheomelanin may be important in determining the 

susceptibility of persons with red hair to UV radiation. 

The above discussion raises the question as to whether the relative risk factors are 

associated with the UV-photoreaction(s) of the different pigments. A suggestion in 

support of a causative role of pigments is that UVA induced single-strand DNA breaks in 
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human melanocytes differing only in the amount of pigment produced showed 

photosensitization is induced by intrinsic chromophores, most likely pheomelanin and/or 

melanin intermediates [58]. Further evidence of the photoreactive properties of melanin 

influencing mutative risks can be found in a study examining the induction of DNA 

lesions and apoptosis upon UV exposure of congenic mice of with black, yellow and 

albino coats [59]. It was found that UVB induced cyclobutane dimerization and apoptosis 

measured by sunburn cells or keratinocytes containing active caspase-3 was coat 

independent. Combining the results of measurements on TUNEL-positive cells with the 

concentration of pigments in the different mice revealed that pheomelanin had a three-

fold greater activity, establishing that pheomelanin sensitizes apoptosis (via caspase-3 

activation) in adjacent cells at a frequency greater than that induced by direct DNA 

absorption. 

The role of pheomelanin sensitization based on an observation reported by 

Chedekel and coworkers in 1980 [60] is examined in this section. In contrast to 

eumelanin, these researchers found that pheomelanin undergoes rapid 

photodecomposition in the presence of oxygen upon exposure to UV light [61]. They 

proposed that the primary photochemical process is the photoionization of electrons 

followed by subsequent formation of the superoxide radical anion. 

   eq 2.12 

Thus, photolysis of the pigment consumes oxygen by generating O2
•−; the quantum yield 

for this process was reported to be ~7.1 × 10−4 for excitation at 360 nm. In 2002, the 

transient spectrum following photolysis was reported of pheomelanin at 350 nm, which 
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revealed no evidence for formation of eaq
−, indicating that at this wavelength the 

photoionization quantum yield was less than 2 × 10−5 [62]. 

The photoionization of pheomelanin is examined using three complementary 

experimental approaches, free-electron laser–photoelectron emission microscopy (FEL-

PEEM) [52, 63], ultrafast transient absorption spectroscopy and oxygen 

photoconsumption as measured by electron paramagnetic resonance (EPR). The FEL-

PEEM measurements are made on intact human melanosomes under vacuum. The 

transient absorption and EPR experiments are reported on synthetic pigments in aqueous 

solutions. Taken together, the three approaches establish that photoionization of 

pheomelanin occurs for wavelengths shorter than ~330 nm, in the UVA region of the 

spectrum. Eumelanin, on the other hand, does not show this behavior, and its 

photoionization threshold is in the UV-B region at ~280 nm. 

 

2.4.2. Materials and methods  

Several different isolation procedures have been used to purify melanosome 

samples, many of which affect the chemical structure of the obtained pigment. Herein, an 

enzymatic extraction technique which has been shown to yield ellipsoidal melanosomes 

in contrast to acid/base extraction techniques which yield an amorphous material ([64]) 

was used. Indonesian, black human hair was purchased from R Parrino Hair Goods 

(Northport, NY). Red human hair was obtained from local specimens whose hair had 

never been permed or dyed. Proteinase K and Triton X-100 (reduced, peroxide and 

carbonyl free) were purchased from Sigma (St Louis, MO, USA), and papain was 

purchased from Acros (Pittsburgh, PA, USA). All other chemicals were of suitable grade. 
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The enzymatic extraction method was carried out as described by Prota and coworkers 

with minor modifications [66]. The hair was washed three times with acetone, once with 

dichloromethane, and once with ether. Washing was repeated again once with acetone, 

high performance liquid chromatography (HPLC) grade water, and again with acetone. A 

15-g sample of the same black human hair was cut into 2 mm pieces and was added to 

300 ml of 0.1 M phosphate buffer, pH 7.4, together with 3.0 gof dithiothreitol (DTT). 

This solution was stirred at 37ºC for 23 h at under argon. Proteinase K (4200 units) and 

1.5 gDTT were added and allowed to act overnight. The solution was then centrifuged 

(3300 g) and the pellet was rinsed six times with water and then suspended in 100 ml 

phosphate buffer. Papain (100 mg) and DTT (500 mg) were added overnight under the 

same conditions. The solution was centrifuged and the pellet was washed six times with 

water. The pellet was then suspended in 100 ml 0.1 M phosphate buffer, pH 7.4. 

Proteinase K (1400 units) and DTT (200 mg) were added and allowed to react overnight 

as before. The solution was centrifuged, and the pellet was suspended in 40 ml deaerated 

buffer. A 2% Triton X-100 solution was added to the suspension and stirred for 4 h. 

Ultracentrifugation (100 000 g) was used to pellet the melanin. Exhaustive washing with 

HPLC grade water and methanol prepared the pellet for a final overnight treatment with 

proteinase K (1400 units) and DTT (200 mg). The final pellet was washed three times 

with water and dried over NaOH under argon. The material obtained represents 

approximately 2.3% of the original hair mass. The synthetic pheomelanin samples were 

prepared as described by Ito [66]. 

Ultrafast transient absorption spectroscopy allows for the monitoring of dynamics 

of extremely fast events (10 femtoseconds to 100 picoseconds) in real time. The principle 
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of the transient absorption experiment is rather simple, at the minimum two pulses from 

the same laser source are needed. An intensive pulse, called the pump pulse, perturbs the 

system which may result in the redistribution of energy or electrons inside molecules or 

may initiate a reaction such as isomerization or dissociation. The second pulse, called a 

probe pulse, passes the sample and the intensity of the probe is monitored as a function of 

time delay with respect to the pump pulse. Ultrafast transient absorption experiments 

have been conducted using a commercial regeneratively amplified Ti:Sapphire laser 

system (Spitfire, Spectra Physics, 120 fs [FWHM], 0.9 mJ/pulse centered at 800 nm, 1 

kHz repetition rate) [67]. Tunable light pulses were generated from the second harmonic 

of the output of an optical parametric amplifier (Spectra Physics, Mountain View, CA). 

The pump-probe transient absorption measurement setup was described previously in 

detail [67]. The beam diameters of both the pump and probe at the region of spatial 

overlap within the sample were determined enabling quantitative analyses on observed 

signal intensities. Excitation wavelengths of 400 nm, 350 nm and 303 nm were used. The 

optical density of the sample at 527 nm was 1.0 OD in a 1 mm quartz cuvette (~10−3 M). 

All transient optical experiments were performed orienting the polarization of the pump 

and probe pulses at the magic angle as they cross in a 1 mm path length flowing cuvette. 

During photolysis, a peristaltic pump circulated the solution. 

The kinetics of oxygen photoconsumption have been obtained using EPR 

oximetry to measure changes in the oxygen concentration of irradiated samples at various 

times [24]. Solutions of synthetic pheomelanin (1 mg mL−1 and 2 mg mL−1) were 

irradiated using a 150 W compact-arc, high-pressure, xenon lamp equipped with 

interference filters (10 nm FWHM) to select the desired wavelength. Sample irradiance 
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was measured with a Model IL 1400 A, International Light calibrated radiometer. Under 

these conditions, irradiance at the surface of the samples was less than 15 W/m2. 

 

2.4.3. Results  

Figures 11 and 12 show integrated brightness FEL-PEEM data for the 

eumelanosomes and pheomelanosomes isolated from human hair [63]. Our first analysis 

of these pigments using a simplified Fowler equation gave threshold energies of 4.6 ± 0.2 

and 3.9 ± 0.2 eV, respectively, for eumelanosomes and pheomelanosomes. The curves 

shown through the data points in figures 12 and 13 are the results of the temperature 

dependent nonlinear least-squares fits to the experimental measurements. Although the 

eumelanosome data can be described by a single threshold potential, the 

pheomelanosome data indicates that two threshold values may be necessary to describe 

the wavelength-dependent signals. Both pigments exhibit a threshold of 4.4 ± 0.2 eV (282 

nm). Pheomelanosomes exhibit a second threshold potential of 3.8 ± 0.2 eV (326 nm). 

Although these values are close to that reported earlier, using the simplified Fowler 

equation to describe the data masked the fact that the pheomelanosomes show two 

thresholds. 

The transient absorption spectrum following excitation of solubalized synthetic 

pheomelanin at 350 nm has been previously reported [62]. The transient spectrum was 

compared to that of the solvated electron, and it was concluded that if excitation at this 

wavelength did not result in photoionization of the pigment, then the quantum yield must 

be less than 2 × 10−5. In figure 13 we compare the transient absorption following 

excitation of pheomelanin at 303 nm with that of the solvated electron [68]. For this 
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excitation wavelength, there is excellent agreement between the transient spectrum of 

pheomelanin and that of the solvated electron, indicating the presence of free electrons in 

the pheomelanin solution. For the experimental conditions used in these measurements, 

the quantum yield for formation of the solvated electron is 10−4. 

Table 1 presents the results of EPR oximetry measurements of the wavelength-

dependent rate of oxygen uptake by synthetic pheomelanin. Data were collected for 

melanin concentrations of 1 and 2 mg mL−1. The uptake rate scales linearly with melanin 

concentration. The normalized rate reported in the table is the measured uptake rate 

divided by the number of photons incident on the sample normalized to the experimental 

value for 404 nm excitation. The data show a clear increase in oxygen uptake between 

338 and 323 nm. 

 

2.4.4. Discussion  

Chedekel and coworkers reported the pheomelanin action spectrum for the 

photoconsumption of oxygen in 1980 and found that it differed significantly from the 

absorption spectrum of the pheomelanin pigment [60]. Their data is reproduced in figure 

14 and the correlation of our measurements with their results will be examined. The 

mechanism for the photoconsumption of oxygen was attributed to photoionization of the 

pigment followed by scavenging of the solvated electrons by molecular oxygen to yield 

superoxide (eq 2.12). The quantum yield for this process was reported as 7.1 × 10−4 for 

excitation at 360 nm. Analysis of the femtosecond transient spectroscopy following 350 

nm excitation of solubalized pheomelanin indicated a quantum yield of less than 2 × 10−5 

[24], indicating a significantly smaller reaction. Although the quantum yield for the 
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photodissociation of pheomelanin is not known, benzothiazole model compounds 

generate eaq
− with an efficiency of 0.06, two orders of magnitude greater than the 

photoconsumption yields [69]. 

Chemical analysis of synthetic melanins indicates significant chemical variation 

depending on preparation methods; the pigment used in our studies followed the 

protocols established by Ito and coworkers in 1989 [66]. These protocols were published 

subsequent to the study by Chedekel and coworkers. As indicated by the EPR 

measurements, the synthetic pheomelanin used in the present study exhibited appreciable 

oxygen consumption in the absence of excitation, contrary to Chedekel’s observations. 

Although the change in photoconsumption uptake rate observed between 338 nm and 323 

nm is reproducible, it is possible and even likely that the uptake observed for λ > 338 nm 

has an appreciable “dark” component. Chedekel and coworkers reported that no 

superoxide was observed in the absence of light, and therefore no dark reaction is taken 

into account in the presentation of their data. But our results on the synthetic pigments 

argue to the contrary. If we then consider that the constant rate of superoxide formation in 

the region of λ > 400 nm reflects a dark reaction, as indicated by the dashed line in figure 

14, the photoconsumption becomes appreciable when λ < 330, consistent with the 

wavelength-dependent photoconsumption data presented herein. 

Superimposed on the data of Chedekel et al. shown in figure 14 are the results 

from the three techniques used in the present study. FEL-PEEM indicates the lowest 

threshold energy for photoionization of human pheomelanosomes is 3.8 ± 0.2 eV (326 

nm). The femtosecond transient spectroscopy indicates the threshold for the synthetic 

pigment lies between 350 nm and 303 nm. The ESR oxygen photoconsumption 
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experiments indicate the threshold for the synthetic pigment lies between 338 nm and 323 

nm. There is remarkable consistency between these data, and good agreement between 

the synthetic materials used in this study and the human sample. 

Now consider the comparison of these data to the corresponding eumelanins and 

eumelanosomes. FEL-PEEM data indicate eumelanosomes have a threshold potential of 

4.4 ± 0.2 eV (282 nm). For the pheomelanosomes, two thresholds are observed, 3.8 ± 0.2 

eV and 4.4 ± 0.2 eV. The chemical analysis of pheomelanosomes indicates the presence 

of eumelanin degradation products so the dual threshold nature of pheomelanin is 

reasonable [70]. It is also reasonable to conclude that the red pigment contains molecular 

motifs identical to eumelanin, and that these species are responsible for the higher 

threshold potential of the pheomelanosomes. 

Using EPR-spin trapping, Kalynaraman et al. previously showed that irradiation 

of eumelanins with UVC and UVB results in generation of eaq
− and hydrogen atoms [71]. 

Femtosecond absorption studies of Sepia eumelanin do not reveal any signatures for 

solvated electrons for excitation wavelengths 303 nm [67, 72]. Oxygen 

photoconsumption experiments do not reveal any increase in uptake rates in the region 

between 300 and 400 nm [67, 22, 25]. In total, unlike pheomelanin, there is no evidence 

for photoionization of eumelanin in the UV-A region (λ > 320 nm). 

It is interesting to consider the reduction potentials of several common cellular 

constituents as compared to the measured melanosome potentials (figure 15). On the 

basis of thermodynamics, pheomelanosomes would be predicted to induce greater 

oxidative stress, through the reduction of O2 and various cofactors, than eumelanosomes. 

Based on their measured oxidation potentials, pheomelanosomes may favorably donate 
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an electron to the oxygen molecule, creating the superoxide anion whereas 

eumelanosome would not.  There is a growing body of evidence that indicates oxidative 

stress is involved with photocarcinogensis and reactive oxygen species participate in a 

number of pathophysiological processes including DNA damage and lipid peroxidation. 

The generated reactive species are considered to be a key factor in the onset and 

progression skin cancer. 

The observation that pale skinned and blond or red haired people originated 

predominantly in extreme northerly locations, such as Scandinavia, where there is limited 

sunlight exposure is an indication of the interplay between the associated pigment and 

photo induced reactions. In contrast, dark skinned people originate close to the equator. It 

is of interest to examine the presented results in relation to the solar radiation impinging 

on the surface of the earth. Figure 16 shows the solar irradiance at the earth's surface for 

several different solar zenith angles [73]. The threshold ionization energies of the human 

hair melanosomes obtained from FEL-PEEM are also indicated. These data clearly show 

that at all regions the exposure to solar irradiance will contain wavelengths of light 

sufficient for the ionization of pheomelanosomes, but that the atmosphere effectively 

(and nearly totally) blocks the energies required to photoionize eumelanosomes. In 

relation to previous reports indicating that pheomelanin can photosensitize cellular 

damage [58], the photothreshold potentials reported herein suggest that UV induced 

ionization of pheomelanin is a likely candidate for the initial mechanistic step in these 

responses. These results collectively suggest that the photoionization of pheomelanin by 

UVA radiation should be considered as a contributing source to the greater incidence rate 

of skin cancer in red-haired (and blond) individuals. 
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2.5. Ocular melanosome research 

2.5.1. Introduction 

The retinal pigment epithelium (RPE) is the densely pigmented cell layer located 

adjacent to the neurosensory retina and is responsible for nourishing retinal visual cells. 

The RPE is firmly attached to both the underlying choroid and the overlying retinal visual 

cell layer of the retina (figure 17). The RPE plays an important role in vision perception 

through regeneration of the vision pigment, control of the metabolite and ion transfer into 

and out of the retina, and absorption of scattered light [74, 75]. Age related macular 

degeneration is a leading cause of visual disability and is characterized by focal deposits, 

diffuse thickening of Bruch’s membrane, and the death of RPE cells and photoreceptors 

resulting in local retinal atrophy. These developments lead to either gradual or rapid loss 

of vision. Studies have demonstrated that antioxidant vitamins and/or zinc significantly 

reduce the risk of certain symptoms of macular degeneration, implicating oxidative 

damage in the pathogenesis of the disease [76]. The RPE-choroid complex is known to be 

exposed to the highest oxidative stress in the eye [75] and RPE cells are postmitotic; they 

will not divide after they have matured. Thus, the exposure of the cells to high oxidative 

stress and light continues throughout the life of an individual, as may any modifications 

to the cells’ properties induced by oxidative stress. In order to develop treatments for 

oxidative stress in the RPE, it is helpful to examine the processes of oxidative stress 

production. 

There is a close association between the level of oxidative stress in the RPE and 

its two major pigments, melanin and lipofuscin [75, 77]. Melanin, in the form of 
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melanosomes in the RPE, is generally considered to be an antioxidant inside the cell [75, 

77 and 78]. This pigment can sequester heavy metal ions, screen UV light and serve as a 

trap for free radicals [79, 80]. However, a large body of evidence has shown that melanin 

can also act as photosensitizer, initiating the production of reactive oxygen species (ROS) 

[81-83]. Lipofuscin is a heterogeneous group of lipid-protein aggregates with 

characteristic fluorescence emission [74]. The accumulation of lipofuscin in the eye is 

hypothesized to contribute to the age-related increase in aerobic photoreactivity of the 

RPE and is phototoxic to RPE cells in culture [78, 84]. With age, human RPE loses 

melanosomes and gains lipofuscin [85-87]. The mechanism of melanosomal loss is not 

understood, but the accumulation of lipofuscin is attributed to non-degradable end 

products from the phagocytosis of photoreceptor outer segments [84, 88, 89].   

The age-dependent photo-induced activity of these two pigments has been the 

subject of several recent papers [83, 90-92]. Specifically, there has been great interest in 

quantifying the different reactivity between RPE melanosomes and lipofuscin granules 

[92]. The photo-induced uptake of oxygen by groups of different aged human RPE 

melanosomes shows an increase in the activation of oxygen with increasing age [83]. 

However, even the rate of O2 intake of the oldest melanosomes in the study is much less 

than the rate by lipofuscin samples, indicating lipofuscin is more photoreactive than 

melanosomes [83]. Razanowska and coworkers have shown that when normalized to 

equal numbers of lipofuscin granules the observed rates of photo-induced oxygen uptake 

and photo-induced accumulation of superoxide-derived spin adducts by lipofuscin 

increased with age [92]. Thus, like RPE melanosomes, lipofuscin becomes more reactive 

with age. There are also significant changes in the optical properties of lipofuscin with 



 77

age, likely reflecting changes in the molecular constituents [93, 94]. Because of the 

potential link between age-dependent changes in the photobiology of retinal 

melanosomes and lipofuscin, and cell atrophy of the RPE layer, a molecular 

understanding of the origin of these effects would be important in the prevention of 

diseases in this tissue. 

Understanding the molecular mechanisms by which these pigments induce 

oxidative stress requires knowledge of their photoionization properties. Photoelectron 

emission microscopy combined with a tunable UV light source (the Duke OK-4 Free 

Electron Laser, FEL) can be used to determine the photoionization threshold of 

melanosomes [52, 63]. Herein this methodology has been applied to examine 

melanosomes and lipofuscin granules isolated from human RPE cells from donor eyes 

aged 14, 59 and 76 years. This section reports quantitative information on 

photoionization properties of human RPE pigments. The results are consistent with 

previously observed trends: the pigments became more pro-oxidant with age and 

lipofuscin is more pro-oxidant than melanosomes. In addition, the morphological features 

of the RPE melanosomes and lipofuscins were also studied. No correlation between the 

shape of melanosomes and their oxidative potential is observed. 

 

2.5.2. Materials and methods 

The RPE was removed from donor eyes of three patients (76, 59, and 14 years 

old) obtained from Dr. Dan-ning Hu of the New York Eye and Ear Laboratory. The RPE 

cells were isolated and stored at –70 oC. RPE melanosomes and lipofuscin were isolated 

from RPE cells and purified using gradient sucrose centrifugation according to the 
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procedure described by Boulton et al. with some modifications [93]. A three-layer 

sucrose gradient (1.2 M, 1.4 M and 2.0 M) was used. The granules at the interface of 1.2 

and 1.4 M and the pellets penetrating 2 M were purified as lipofuscin and melanosomes, 

respectively. The isolated melanosomes and lipofuscin samples were then kept at –70 oC 

before being used. The bovine RPE melanosomes were isolated with a similar method as 

reported previously [95]. 

For PEEM analysis, sections of (100)-oriented silicon wafers [N-type, P-doped, 

low resistivity 0.005-0.01 Ω-cm, (Virginia Semiconductor, Fredericksburg, VA, USA)] 

were cut into 9 x 9 mm squares using a diamond-tipped knife and were cleaned by the 

standard RCA wet chemical procedure prior to deposition (Senturia 2001). The 

hydrofluoric acid step was not included in our preparation since we desire a thin oxide 

layer for optimal sample deposition. Therefore, the RCA procedure results in a surface 

terminated with a ~1 nm thick silicon oxide layer. The wafers were dried over lens paper 

in a sterile Petri dish under flowing argon gas. The samples to be measured were 

subsequently deposited onto the hydrophilic surface of the freshly RCA-cleaned Si wafer 

by micropipetting 0.5 µL of a pigment suspension in nanopure water. Samples were air-

dried while being protected from light for less than one hour prior to experimentation.  

This preparatory process was repeated immediately prior to each new experiment. 

Scanning electron microscopy (SEM) imaging was performed with a Philips 

XL30 ESEM (FEI company, Hillsboro, OR, USA) equipped with a back scattering 

secondary electron detector used to examine the samples in high vacuum mode. 2 µL 

aloquots of pigment samples in water suspension were dropped onto freshly cleaved mica 

slides, which were mounted on stainless steel pegs with double stick tape, and then air-
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dried in the dark. The mounted samples were coated with Au/Pd under argon plasma for 

2 min at 15 mA using a Hummer V sputter coater (Anatech, Springfield, VA, USA).  

AFM slides were prepared by dropping 4 µL aliquots of the pigment suspensions 

onto freshly cleaved mica plates, which were air-dried in the dark. AFM images were 

collected using a Digital Instrument Nanoscope IIIa Bioscope AFM operated in tapping 

mode. Height and phase images were collected simultaneously.  

 

2.5.3. Results 

In order to obtain quantitative information about the morphology and size 

distribution of isolated melanosomes, SEM images were collected of the granules 

deposited on freshly cleaved mica, on which the granules form a well-distributed 

monolayer (figure 18). The melanosome samples exhibited a similar morphology with 

two different shapes, ovoid and rod-shaped, apparent in each sample, in agreement with 

results reported previously [93]. The proportions of the two shapes were the same for 

different donor ages. The size of these granules was analyzed using the same methods as 

reported previously for bovine ocular melanosomes [95]. The average length of the short 

axis was ~ 700 nm for both shapes, with the long axes averaging ~ 1600 nm for the rods 

and ~850 nm for the ovoids. The distributions of the lengths of the axes, analyzed by 

fitting their histograms with Gaussian functions, showed no significant differences 

among the donors for either the short or the long axes. It is also worth noting that these 

human melanosomes contained some irregular-shaped aggregations of small round 

granules (~50-100 nm; see arrows in figure 18).   

AFM examination of the structural morphology of the melanosome granules 
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found that some of the ovoid and rod-shaped melanosomes had smooth surfaces with fine 

substructures (< 30 nm, figure 19a), while some granules were irregularly shaped and had 

much larger substructures (100-200 nm, figure 19b). Both types were present in all three 

samples. A “transient” morphology was also found (figure 19c). Part of the surface of 

these transient granules was composed of fine substructures while the remainder 

consisted of larger substructures. From these observations, it is hypothesized that 

degradation or damage is initiated at a limited number of locations on the melanosomes. 

Such damage then destroys the fine structure and eventually expands to the whole 

granule. The lipofuscin granules were mostly spherical with a diameter ~1.5 µm (figure 

20).  In contrast to the RPE melanosomes, the granules formed large aggregates on the 

mica instead of a well-distributed monolayer of individual granules. The aggregation 

precluded preparing a size analysis on these granules.  

The photoionization properties of the RPE melanosomes and lipofuscin were also 

examined. Photoelectron emission microscopy has been previously employed to examine 

the photoionization threshold values of melanosomes from human black and red hair [52, 

63]. A threshold of ~ 4.4 eV was obtained for the black hair melanosomes, which 

chemical degradation analysis showed to consist mostly of eumelanin. Red human hair 

pheomelanosomes revealed two thresholds: ~4.4 eV and ~3.8 eV. As chemical 

degradation analysis of the red hair samples revealed the presence of both eumelanin and 

pheomelanin, the presence of two thresholds may be anticipated [70].  

PEEM was used to investigate the variation in the photoionization properties of 

RPE melanosomes and lipofuscin to assess whether there are differences in the thresholds 

of the materials with age as well as with respect to one another. Because PEEM is a 
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spatial microscopy technique, any differences in photo ionization properties as a function 

of the shape of the melanosome (ovoid or rod) can also be detected.    

RPE melanosomes and lipofuscin from the 14, 59, and 76-year old patients, and 

also bovine RPE melanosomes as models for young samples (≤ 2-year old) were 

examined. Wavelength-dependent PEEM images of each sample were recorded, the 

integrated intensity determined, and the photoionization thresholds determined using the 

two-threshold fitting procedure. The thresholds of newborn (< 1-week) and adult (>2-

year) bovine RPE melanosomes both yielded single values of 4.6 eV, close to the value 

for human hair eumelanosomes. The thresholds of five individual granules of each shape 

(rod and ovoid) were the same (figure 21). The results indicate that the photoionization 

threshold of bovine RPE melanosomes did not depend on the melanosome shapes.    

The RPE melanosomes from the 14-year old human showed a single threshold of 

4.1 eV (figure 22a). In contrast, the RPE melanosomes from the 59 and 76-year old 

required two-component fitting, indicating two thresholds: 4.4 eV and 3.6 eV (figure 

22b). The three human ocular lipofuscin samples showed similar properties with two 

thresholds around 4.4 eV and 3.4 eV (figure 23).   

 

2.5.4 Discussion 

The forms observed for RPE melanosomes agreed with previous reports that 

indicated two distinct shapes: an ovoid shape located mainly in the mid-portion of the 

cells and a rod shape located in the apical portion [96]. It was also consistent with 

previous observation of the same shapes in bovine RPE melanosomes [95]. The bovine 

ovoid shaped RPE melanosomes were of a size similar to the human ovoid shaped RPE 
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melanosomes, while the human rod shaped melanosomes were ~600 nm shorter than 

their bovine counterparts. In spite of the difference in the size of the rod-shaped 

melanosomes, the overall size similarity of the RPE melanosomes between different 

species (human and cow) may indicate a related formation pathway and the fine 

regulation by enzymes of the RPE cellular physiological conditions.  

Boulton and coworkers have used transmission electron microscopy (TEM) to 

examine RPE melanosomes from donors at different ages [93]. They observed that the 

granules from donors older than 5 years were mostly mature and were estimated to be 

about 2-3 µm in length. However, it was difficult to determine their exact size from this 

study. The researchers were not able to determine whether melanosomes of one shape 

were preferentially lost with age than the other, resulting in an age-related change in total 

photoreactivity of the melanosomes. The results reported here indicate that the 

proportions of the two shapes of human RPE melanosome were the same for different 

donor ages. In other studies, Feeney-Burns et al. have shown that the number of 

melanosomes in the RPE drops by about 25% from the samples of 1 to 10-year olds to 

those of 60 to 100-year olds [85]. In addition, they suggested that the rod-shaped 

melanosomes are located in the apical portion of the cell while the ovoid-shaped 

melanosomes are located in the mid-portion. Our observations suggest that the loss of 

melanosomes is equal for both ovoid- and rod-shaped granules and should have no 

regional preference. Additionally, the bovine comparison indicates that the different 

melanosome shapes have similar photothresholds. Thus the age-related alteration of 

photoactivity in RPE melanosomes should be related to chemical modification of the 

granules themselves rather than selective loss of a particular shaped melanosomes.    
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The aggregations of small round granules that were present in human RPE 

melanosomes were not found in the bovine eye samples. The TEM micrographs by 

Boulton and coworkers also showed the existence of granules with bumpy surfaces in the 

older samples [93]. The relatively higher occurrence of these aggregations in the 

melanosomes from older patients may suggest degradation and/or breakage of 

melanosomes with age.  

The shapes observed for the lipofuscin granules were similar to those observed by 

Boulton et al. with TEM [93]. It is likely that the clusters of granules arise from the 

action of membrane-like materials (likely lipids) that are able to merge at the boundaries 

of the granules.   

The photo-induced aerobic reactivity of RPE melanosomes and lipofuscin has 

been of great interest due to its role in macular degeneration and related diseases [83, 97]. 

Rozanowska et al. suggested that RPE melanosomes and lipofuscin possess an increasing 

photoreactivity per granule with aging and that lipofuscin is more pro-oxidant than 

melanosomes [83, 92].  The photoreactivity of RPE melanosomes per granule has been 

shown to increase with age [83] with the increased photoreactivity of older RPE 

melanosomes possibly resulting from an increased amount of photosensitizer, a lower 

level of antioxidants, or formation of a more easily photoionized component. A low 

threshold may be correlated with high photoreactivity in terms of O2 uptake; the lower 

the threshold, the higher the chance for the sample to ionize. The photoionization 

threshold should arise from the most easily ionized functional groups. The same 

functional groups should be responsible for the photoreactivity detected by other 
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approaches, such as the photoinduced uptake of O2 and the production of free radicals 

( •
2O ) detected by EPR.  

The 4.1 - 4.4 eV-component observed in all three RPE samples is attributed to 

eumelanin. The major melanin content of RPE melanosomes has been found to be 

eumelanin and chemical analysis studies on RPE melanosomes have suggested that the 

melanin contents in RPE melanosomes decrease with age [95]. The presence of a 

component with a lower photoionization threshold (3.6 eV) in the older samples, on the 

other hand, could account for the increased photoreactivity exhibited by human RPE 

melanosomes with age. Because the threshold is close to that of one component in 

lipofuscin, the low threshold component may arises from lipofuscin adhered to the 

surface of the melanosome. PEEM is sensitive to the surface of the material being 

exposed, a thin layer or localized deposits of lipofuscin on the surface of an RPE 

melanosomes would be reflected in the threshold data. The relative amount of lipofuscin 

material could be negligible, thus not altering the density of the entire organelle, in which 

case it will concentrate at a normal density for melanosome isolation in a sucrose 

gradient. With significant lipofuscin deposits, melanolipofuscin is formed, and the 

granule is characterized by a density between that of melanosomes and lipofuscin and 

therefore becomes distinct in the separation process.  

Melanosomes and lipofuscins were isolated from 14-, 59 and 76-year old 

specimens and examined. SEM imaging showed that RPE melanosomes exhibited two 

shapes, ovoid and rod-shaped, with the percentages of the two shapes being essentially 

the same for all three samples. Aggregations of small round granules were found, 

suggesting degraded or damaged melanosomes. PEEM was used to examine the 
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photoionization thresholds of human RPE melanosomes, lipofuscin granules and bovine 

RPE melanosomes. RPE melanosomes from bovine eyes and the 14-year old donor eye 

show a single photoionization threshold of ~ 4.4 eV, while a double threshold structure of 

~ 4.4 and 3.6 eV was detected for the older human RPE melanosomes. The same double 

thresholds of ~ 4.4 and 3.4 eV were detected for all three ocular lipofuscin samples. The 

data suggest that lipofuscin deposits on human RPE melanosomes may occur in the aged 

eye.  

  

2.6. Neuromelanin research 

2.6.1. Introduction 

Neuromelanin (NM) is a brown-black pigment primarily found in the brainstem 

of humans in the areas of the mid brain and the pons. Of these regions, the pigmented 

catecholaminergic neurons of the substantia nigra and the locus coeruleus have the 

highest levels of NM [98, 99]. Within these neurons, NM is found in organelles often 

surrounded by a double membrane, giving the appearance of a pigmented granule. In the 

human brain, an observable amount of NM appears around the third year of life and 

increases linearly thereafter [100]. The selective loss of NM has been associated with 

Parkinson’s disease, Alzheimer’s [101, 102] and dopa-responsive dystonia [103, 104]. 

Parkinson’s disease (PD) is a common neurodegenerative motor dysfunction 

characterized by tremors, slowness of movement and stiffness. With the onset and 

progression of PD, the concentration of NM decreases rapidly as pigmented 

dopaminergic neurons are selectively degraded, while non-pigmented neurons are mostly 

spared [105], as shown in figure 24. A direct, causal link between NM concentration and 
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neuronal vulnerability has not yet been demonstrated, although several hypotheses exist 

[106]. Hirsch et al. reported an inverse relationship existed between the amount of NM 

within the dopaminergic neurons of the midbrain and the relative vulnerability of these 

cells to PD [107]. In the regions of highest neuronal loss in the substantia nigra, studies 

have shown an increase in iron levels in the late stages of PD [108]. Based upon these 

observations, NM’s role in avidly chelating redox-active metal ions, toxic organic 

compounds, and free radicals would serve a protective role [109, 110]. Neurons that 

produce catecholamines (dopamine, norepinephrine, etc.) are known to experience a high 

oxidative load due to the synthetic pathway of their respective signaling molecules [111, 

112]. As a result, the synthesis of NM is hypothesized to be the result of the cell’s 

defense mechanism against high oxidative stress. On the other hand, NM could become 

the source of free radicals and cytotoxic compounds upon degradation of highly 

pigmented neurons, thereby perpetuating a cycle of oxidative stress and neuronal loss 

[113, 114] (figure 25). Elucidation of the basic biological features and structure of NM 

may provide clues to the etiology of diseases involving the selective loss of the pigment. 

This complex duality concerning NM’s physiological functions forms the basis of 

our investigation into the oxidative capacity of NM. Several groups have shown through 

chemical degradation analyses that NM is composed of both eumelanic and pheomelanic 

components [115-117]. In addition to pigment, neuromelanin isolated from substantia 

nigra contains an aliphatic component and a peptide component [99]; together these form 

large, aggregated structures observed in electron micrographs. The melanic component 

has been shown to be composed of two classes of molecules in specific proportions: one 

is a benzothiazine-based molecule characteristic of pheomelanin that is formed through 
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the incorporation of cysteine with dopamine that forms 20-25% of the total melanic 

component of NM; the other is an indole-based molecule characteristic of eumelanin that 

is believed to be formed through the oxidation of dopamine, forming the remainder of the 

melanic component of NM. The identification of dopamine and cysteinyldopamine as 

building blocks of NM lend support to its detoxifying role, preventing an otherwise toxic 

intraneuronal accumulation of these compounds. 

The molecular architecture of a pigment containing both pheomelanin and 

eumelanin is not understood. In vitro studies of the rate constants associated with the 

initial steps of eu- and pheo-melanogenesis reveal that formation of pheomelanin 

dominates as long as cysteine is present [118-122]. Once the supply of cysteine is 

depleted then eumelanin would be produced. Given that 20-25% of the pigment in NM is 

pheomelanin, such a model would suggest that the molecular structure of the NM 

pigment has a pheomelanin core and a surface which is predominantly eumelanin in 

character. 

The morphological organization of naturally occurring pigments from sources 

other than the human brain has been previously investigated. These pigments include 

melanin from the ink sac of the cuttlefish Sepia officinalis [123], melanosomes isolated 

from human red and black hair [124], and melanosomes isolated from bovine and human 

eyes [95]. All of these melanosomes show a substructure of spherical constituents with 

diameters on the order of 30 nm, even though the size and shape of the fully aggregated 

melanosomes varies from sample to sample. Herein, our data confirm a similar 

substructure for NM. 
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In this section, the developed technique is utilized to measure the ionization 

threshold for the surface of NM. One of the powerful aspects of this technique is its 

ability to distinguish between pheomelanin and eumelanin pigments. Human hair 

melanosomes have established that eumelanosomes have a surface oxidation potential of 

4.4 ± 0.2 eV [63]. Pheomelanosomes from human hair contain a mixture of eumelanin 

and pheomelanin, and this is reflected by two threshold potentials, 4.4 ± 0.2 eV and 3.8 ± 

0.2 eV, corresponding to the two pigments, respectively. Since FEL-PEEM is a surface 

sensitive technique, with penetration depths on the order of a few nanometers into 

organic materials, then the pheomelanosome result indicates that both pigments can be 

found on or near the surface of the melanosomes.  

Based upon kinetic experiments discussed in detail later, there is good reason to 

hypothesize that the synthesis of NM will result in spatially heterogeneous structures 

comprised of a pheomelanin core that is encapsulated in eumelanin. FEL-PEEM can 

directly test this concept through its ability both to probe only the region near the surface 

of the granule and to distinguish eumelanin from pheomelanin.  

 

2.6.2. Materials and methods 

For the preparation of neuromelanin samples, only double-distilled, nanopure 

water (>18.2 MΩ) obtained from a SimplicityTM system (Millipore, Billerica, MA) was 

used. All chemicals (1 M HCl, 30% NH4OH, 30% H2O2, and 18 M H2SO4) were 

purchased from Fisher of the highest purity available. Silicon wafers were purchased 

from Virginia Semiconductor, Inc. (Fredericksburg, VA, USA). 
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NM was isolated from the substantia nigra pars compacta region of the human 

midbrain of neurologically normal adult individuals as described previously [100]. The 

dissection of the SN from the frozen human midbrain was performed on a cold plate at -

10°C within 36 hours of death and was homogenized in distilled H2O (0.03 g/mL) in a 

glass-Teflon homogenizer, followed by centrifugation at 12,000 g for 10 minutes. The 

resulting pellet was washed twice with 50 mM phosphate buffer (pH 7.4), incubated in 50 

mM Tris buffer (pH 7.4) containing 0.5 mg/mL SDS at 37°C for 3 hours, and then 

incubated for another 3 hours at 37°C in the same buffer containing 0.2 mg/mL 

proteinase K. The resulting pellet was washed twice with NaCl (9 mg/mL), three times 

with distilled water, and once each with methanol (2 mL) and hexane (1 mL), 

respectively. Finally it was dried under vacuum and stored in a dessicator protected from 

light. The samples for PEEM analysis were applied to the substrate using a process that 

was identical to that previously used for hair and ocular melanosome samples. For atomic 

force microscopy (AFM) and scanning electron microscopy (SEM) measurements, 

neuromelanin samples were prepared in an identical manner to RPE melanosome and 

lipofuscin samples.  

 

2.6.3. Results 

Isolated, dried NM samples of the SN from a human brain were imaged using 

both SEM and AFM. Two types of structures are observed: small spherical particles, ~30 

nanometers (nm) in diameter, and larger NM granules, with an average diameter of ~350 

nm. The small particles were found in deposits of varying dimensions and were also seen 

on the surface of the larger granules, suggesting these are aggregates of such smaller 
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structures. Figure 26 shows an SEM image of aggregated NM granules. The ~350 nm 

NM granules were rarely observed in isolation and appeared to have substructure which 

could not be adequately resolved by the electron microscope. AFM imaging was used in 

order to observe this substructure. AFM confirmed the SEM results and provided 

spatially-resolved images from which the substructure of the NM granule could be 

detailed (figure 27). The ~350 nm granules, as well as aggregated NM deposits appear to 

be comprised of the ~30 nm diameter entities. Such building blocks for pigments have 

been previously reported for many natural melanins, including human hair 

melanomsomes, bovine and human eye melanosomes, and Sepia granules. Figure 27 

shows the height and phase AFM images resolving the NM substructure, measured as 30 

± 10 nm in diameter. 

Wavelength-dependent PEEM images of neuromelanin isolated from the 

substantia nigra region of the human midbrain was deposited on a silicon substrate. The 

images were collected using a tunable UV FEL light source. The insets of figure 29 show 

PEEM images of isolated ~350 nm granules and larger deposits of NM pigment. The 

integrated intensity (S) of the PEEM images was determined as a function of excitation 

wavelength for isolated granules and various regions within larger NM deposits. Figure 

28 shows data for an isolated granule, and the data analysis gives an ionization threshold 

of about 4.5 ± 0.2 eV. The threshold potential is independent of whether individual 

granules, large pigment deposits, or small regions within a pigment deposit are probed.   
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2.6.4. Discussion 

The AFM, SEM, and PEEM images demonstrate that the SN NM pigment is 

stable and retains consistent morphology under the diverse experimental conditions. The 

AFM is collected under ambient conditions, while the SEM and PEEM data on the dried 

NM pigment is collected in high vacuum. It is important to stress that the photo 

ionization data are completely described by a single threshold potential and that the value 

is within experimental error of that measured for black human hair eumelanosomes of 4.4 

± 0.2 eV.  [63]. It is interesting to contrast this result to that for human hair 

pheomelanosomes, which exhibit two potentials, 4.4 ± 0.2 eV and 3.8 ± 0.2 eV.  

It is interesting to note that the chemical analyses of NM and human hair 

pheomelanosomes are similar in that both contain appreciable amounts of both eumelanin 

and pheomelanin. In the case of NM, cysteinyldopamine, the precursor of pheomelanin 

constituents, accounts for ~25% of the melanic component of NM [115, 117]. However, 

in contrast to the human hair pheomelanosome data, only a single threshold potential is 

found for the NM pigment, which is characteristic of the black pigment eumelanin. 

This result suggests that pheomelanin molecules are not on or near (within a few 

nanometers) the surface of the NM granule. This is true for both the isolated granular 

structures, ~350 nm in diameter, and the large aggregated deposits composed of ~30 nm 

substructures. These results are self-consistent because the ~350 nm granules are 

aggregates of these smaller ~30 nm constituents.  

This result is of interest in terms of the melanogenesis of the ~30 nm structures of 

NM. Several in vitro kinetic studies establish that the addition of cysteine to dopaquinone 

is kinetically favored over eumelanin formation as long as the cysteine concentration is 
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>1 µM [118-124]. The production of eumelanin competes with the production of 

pheomelanin once the cysteine and 5-S-cysteinyldopa concentrations are sufficiently low. 

If the ~30 nm structures are the products of the melanogenesis process, then these kinetic 

arguments would suggest cysteinyldopamine forms the core, or center, of the structure 

and eumelanin encapsulates this core, giving rise to a final pigment that is approximately 

a 3:1 eumelanin/pheomelanin mixture (figure 29). This model for the structure is 

consistent with the measured surface oxidation potential, which only reflects the presence 

of eumelanin. The mechanism by which the ~30 nm structures assemble into larger 

pigment granules is not known. 

It is not possible at this time to assign the electrochemical potential to a specific 

chemical species on the surface of NM because the molecular structure of these pigments 

remains to be determined. Several other molecular constituents, in addition to melanin are 

found in NM, e.g., proteins, lipids, and metal ions [99]. The electrochemical potential 

determined by the PEEM experiment is attributed to the pigment and not these other 

constituents. Lipids and proteins have ionization thresholds in excess of 5.0 eV. Also, 

using Sepia granules, the surface potential is independent of Fe(III) concentration up to 

saturation and remains unchanged following treatment with EDTA, in which all metals 

are removed.  

The oxidation potential of neuromelanin, when converted from the vacuum scale 

to the electrochemical scale, is -0.2 V vs. NHE. From a thermodynamic perspective, NM 

is not sufficiently pro-oxidant to generate a high level of oxidative stress. Therefore, 

NM’s surface electrochemical potential is less pro-oxidant than might be anticipated 

given NM’s complicated but unresolved role in the selective loss of pigmented neurons 
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of the substantia nigra associated with PD. NM can be oxidized and degraded by H2O2 

[115] and this process likely occurs also in the human brain during Parkinson’s disease, 

where an extensive depletion of NM occurs after neuronal death. Degradation can also 

result in exposure of the pheomelanic core, which is more likely to cause oxidative stress 

in the system. Further research on the role of NM in oxidative stress in SN neurons would 

help to gain insight into the underlying mechanisms that govern the progression of PD. 

 

2.7. Summary 

 In this chapter, we have defined a procedure for measuring the photothreshold of 

a heterogeneous sample on a microscopic scale using UV-FEL PEEM. The factors 

influencing the calculation of the photothreshold curve, such as temperature and FEL ring 

current, have been explored and a model system of titanium silicide nanoislands and 

wires has been examined as a control. The established technique was then applied to a 

variety of melanosome samples originating from human hair, eyes, and the brain in order 

to probe the photochemical properties of the materials. By relating the photothreshold of 

the samples to the oxidation potential, comparisons can be made regarding the generation 

of oxidative stress. Additional samples, such as lipofuscin from the RPE, have also been 

studied. The UV-FEL PEEM threshold ionization values have been checked by two 

complimentary procedures, ultrafast transient absorption spectroscopy and EPR oximetry, 

and excellent agreement has been obtained between the three measurements. 

 Future work will focus on higher magnification measurements in an effort to 

observe substructural photothreshold contrast in materials and extension of the 

measurements to other, more diverse samples (such as fibrous proteins). Also, the effects 
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of incident light polarization on the emission of materials of unknown substructure will 

be examined. 
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2.10. Tables 

Table 2.1. Wavelength-dependent rate of oxygen uptake  

 

Wavelength-dependent rate of oxygen uptake by synthetic pheomelanin as measured by 

EPR oximetry. Data were collected for a melanin concentration of 2 mg mL−1. The 

normalized rate is the measured uptake rate divided by the number of photons incident on 

the sample normalized to the value measured for 404 nm excitation. The last column 

contains the corresponding data for a melanin concentration of 1 mg mL−1 (obtained at 

selected wavelengths). The normalized rates are independent of the melanin 

concentration but the uptake rate scales linearly with melanin concentration. 
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2.11. Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Melanogenesis of eumelanin and pheomelanin. 

A diagram of the melanogenesis of eumelanin and pheomelanin is presented. 
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Figure 2.2. 2nd harmonic effect in FEL. 

A discrepancy in the observed emission as a function of wavelength has been observed in 

the range of ~250 nm to 400 nm and is displayed above. This has been attributed to a 2nd 

harmonic effect in the FEL emission. In order to minimize this effect, a cut-off filter was 

inserted for wavelengths of 310 nm or more. The photon flux has been corrected for these 

wavelengths. 

 



 107

 

Figure 2.3. Saturation of grayscale. 

Grayscale saturation can lead to the loss of information when calculating the integrated 

brightness. The ideal shape of the emitting area’s histogram is that of a Gaussian centered 

at a pixel value of 128 (left). If the histogram is located partially or entirely at a pixel 

value of either 255 (white saturation) or 0 (black saturation), a portion of the information 

is lost. 
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Figure 2.4. Power versus ring current in FEL. 

Measured power versus FEL ring current for several wavelengths is presented. Linear fits 

yield excellent agreement to the measured data. The threshold photoemission curves have 

been normalized using this information to a constant photon flux. 
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Figure 2.5. Fermi function of a metal near the Fermi energy. 

The Fermi function, showing the probability a given available electron energy state will 

be occupied, of a metal with Fermi energy of 4.5 eV is shown for temperatures of 

absolute zero and 300ºK. At temperatures above absolute zero, there is no longer a 

sharply defined cut-off to the occupied states due to thermal effects. 
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Figure 2.6. Comparison of fitting methods for TiSi2. 

A comparison of fitting photoemission data is presented. The top graph is fit with a 

temperature independent Fowler equation and requires two linear extrapolations to zero, 

suggesting two photothreshold values. The same data is refit using a temperature 

dependent treatment. There is excellent agreement between the data and fit and a single 

threshold value is obtained. 
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Figure 2.7. Spontaneous emission pulse structure in FEL. 

The spontaneous emission pulse structure is given. The duty cycle of the spontaneous 

emission can be estimated as the product of the train and individual pulse duty cycles. For 

measured powers of 1 mW, the corresponding peak power is 100 mW.  
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Figure 2.8. Titanium Silicide FEL-PEEM.  

An image of a Si surface with TiSi2 islands is obtained with 248 nm illumination. The 

central nanowire’s wavelength dependent emission is shown at right (points) and the fit 

to the data (line) reveals a photothreshold of 4.7 ± 0.2 eV which is in reasonable 

agreement with the reported value of 4.53 ± 0.03 eV. A similar analysis of the other 

islands resulted in an identical photothreshold value. 
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Figure 2.9. SEM of melanin granules. 

SEM images of melanin granules from sepia officinalis (top) and melanosomes isolated 

from human black hair (bottom). 
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Figure 2.10. Conversion of vacuum to electrochemical potential.  

The vacuum potential of a sample can be measured in an absolute sense, referenced to the 

vacuum energy (the energy of an electron at rest outside the sample surface). In 

electrochemistry, the potential of an electrode is measured with reference to a second 

electrode, the normal hydrogen electrode (NHE). In order to equate the two scales, the 

NHE’s work function must be deduced. The IUPAC’s recommended value for the NHE 

corresponds to -4.44 V from the vacuum scale. 
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Figure 2.11. FEL-PEEM eumelanosomes. 

The integrated brightness of the PEEM image for black hair melanosomes divided by the 

square of the sample temperature, S/T2, is plotted as a function of the excitation energy 

(hν/kBT). The solid line is the best fit of eq 2.4 to the data points, yielding an ionization 

threshold of 4.4 ± 0.2 eV (282 nm). 
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Figure 2.12. FEL-PEEM pheomelanosomes. 

The integrated brightness of the PEEM image for red hair melanosomes divided by the 

square of the sample temperature, S/T2, is plotted as a function of the excitation energy 

(hν/kBT). Top: The solid line is the best fit of the experimental data to a single-threshold 

value using eq 2.3. Bottom: The solid line is the best fit obtained for a two-threshold 

model where each is described by the temperature dependent photoionization equation 

(eq 2.4). This yielded ionization thresholds of 4.4 ± 0.2 and 3.8 ± 0.2 eV (282 and 326 

nm). 
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Figure 2.13. Transient absorption spectrum of pheomelanin 

The transient absorption spectrum obtained 100 ps following photolysis of synthetic 

pheomelanin at 303 nm in water is compared to that of the solvated electron. The 

quantum yield for formation of the solvated electron is 10−4. Excellent agreement is 

observed. In contrast, for photolysis at 350 nm (inset [62]), no spectral evidence of 

solvated electron formation was detected. 
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Figure 2.14. Comparison of data for pheomelanin. 

The absorption (solid line) and action spectrum (squares) reported by Chedekel and 

coworkers for the photogeneration of superoxide radical anion by synthetic pheomelanin 

is displayed. Also indicated on the plot are the thresholds for photoionization determined 

by FEL-PEEM measurements on human pheomelanosomes, femtosecond absorption 

spectroscopic detection of solvated electrons, and EPR-oximetry on synthetic pigment. 

The constant rate of superoxide formation in the region of λ > 400 nm seen in the action 

spectrum is attributed to a dark reaction, and as indicated by the dashed line, the 

photoconsumption becomes appreciable when λ < 330. Thus, all measurements present a 

consistent view that the photoionization threshold of pheomelanin is around 325 nm. 
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Figure 2.15. Reduction potentials of cellular reactions. 

A schematic of the reduction potentials of the oxidized melanosome and various cellular 

constituents. On the basis of thermodynamics, pheomelanosomes would be predicted to 

induce greater oxidative stress than eumelanosomes. 
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Figure 2.16. Incident solar radiation and the relation to melanin. 

The incident solar radiation at the surface of the earth is plotted as a function of 

wavelength, solar zenith angles (SZA), and ozone concentration (in Dobson units, DU). 

The four curves correspond to (——) SZA = 0, 100 DU; (- - - - -) SZA = 0, 400 DU; (-·-·-

·) SZA = 75, 100 DU; (·····) SZA = 75, 400 DU. The data were adapted from reference 

73. Also indicated on the graph are the threshold ionization potentials for human 

eumelanosomes and pheomelanosomes. The mapping of the ionization thresholds on the 

solar spectrum suggests an increased photoreactivity of pheomelanosomes under normal 

solar exposure. 
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Figure 2.17. Diagram of the human eye. 

A diagram of the human eye is presented. The retinal pigment epithelium (RPE) layer is 

located just outside the retina and is firmly attached to the choroids. The RPE contains 

both melanin and lipofuscin and has a number of important roles in the eye. Along with 

the choriod, the RPE increases visual acuity by absorbing light that otherwise would 

reflect back inwards. The cells here also phagocytose the ends of rods and cones and 

store and synthesize trans-retinal. 
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Figure 2.18. SEM images of RPE melanosomes. 

SEM images of RPE melanosomes from patients of 14 (A) 59 (B) and 76 (C) years old, 

respectively. It was found that the 59 and 76 year old samples had a higher content of the 

aggregates of small granules, which are likely the products of degradation or damage to 

melanosomes.  

A 

B 

C 

5 µm

5 µm

 5 µm 



 123

 

Figure 2.19. AFM of RPE melanosomes. 

RPE melanosomes imaged by AFM showing a smooth granule (A), a granule with rough 

surface (B), and a “transient” granule (C). The left micrographs are height images, at 

right are phase images. 
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Figure 2.20. SEM images of Lipofuscin. 

SEM images of lipofuscin granules from donors of 14 (A), 59 (B) and 76 (C) year old 

patients.  
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Figure 2.21. FEL-PEEM of bovine ovoid and rod-shaped melanosomes. 

Integrated wavelength-dependent FEL-PEEM data for bovine ovoid (top) and rod-shaped 

(bottom) melanosomes. The two melanosome shapes give the same photoionization 

threshold of 4.6 eV.   
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Figure 2.22. FEL-PEEM of RPE melanosomes. 

Integrated wavelength-dependent FEL-PEEM data for melanosomes isolated from human 

RPE cells from 14 (A) and 76 (B) year old specimens. The fit of the 59 year old sample is 

similar to the 76 year old. The data for the young melanosomes are in agreement with eq 

2.4 with a threshold potential of 4.1 eV. The 76 and 59 year old melanosomes require a 

sum of two terms with threshold potentials of 4.4 and ~ 3.6 eV. 
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Figure 2.23. FEL-PEEM of lipofuscin. 

Integrated wavelength-dependent FEL-PEEM data for lipofuscin isolated from human 

RPE cells from 14 (A) and 76 (B) year old specimens. The fit of the 59 year old sample is 

similar to the 76 year old. The data for all three samples require a sum of two terms with 

threshold potentials of 4.4, ~ 3.4 eV. 
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Figure 2.24. Neuromelanin and Parkinson’s disease. 

Parkinson’s is a neurodegenerative disease involving progressive movement disorder, 

depression and disturbances of sensory systems. It is marked by a preferential loss of 

pigmented neurons. The concentration of neuromelanin in normal male subjects and 

parkinsonian subjects as a function of age is shown (from [98]). The concentration of 

pigmented neurons is degraded with the onset and progression of Parkinson’s disease. 
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Figure 2.25. Cycle of neural loss and neuromelanin. 

Neural degeneration can be cyclic, staring with a release of neurotoxic molecules which 

degenerate dopaminergic neurons resulting in the release of their NM, which then 

activates microglia, and the cycle starts again [107, 108]. 
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Figure 2.26. SEM of neuromelanin. 

Scanning electron microscopy image of dried neuromelanin pigment isolated from the 

substantia nigra region of human brain tissue.  The image illustrates a commonly 

observed large aggregate (>10 mm in size) composed of smaller neuromelanin molecules, 

roughly spherical in shape with a widely varying (200-500 nm) diameter. 
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Figure 2.27. AFM of neuromelanin. 

Atomic force microscopy images of neuromelanin from the substantia nigra. The small 

substructures of neuromelanin, ~ 30 nm in diameter, are observed both in isolation (A 

and B, height and phase imaging respectively) and in the highly aggregated structures (C, 

phase imaging, 1.57 mm by 1.57 mm). 
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Figure 2.28. FEL-PEEM of neuromelanin. 

Photoelectron emission microscopy image of isolated (A) and aggregated (B) 

neuromelanin upon UV excitation by a free electron laser (FEL) at 248 nm.  The 

wavelength-dependent FEL-PEEM data is plotted at right and fit according to eq 2.4. The 

best fit to the experimental data gives a photoionization threshold  of 4.5 ± 0.2 eV (275 

nm for both isolated and aggregated deposits). Data is shown for the isolated granule.  
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Figure 2.29. Model for neuromelanin formation. 

A model for the formation of neuromelanin is presented. Kinetic studies have establish 

that the addition of cysteine to dopaquinone is kinetically favored over eumelanogenesis 

as long as the cysteine concentration is >1 µM. Once the cysteine and 5-S-cysteinyldopa 

concentrations are sufficiently low, the production of eumelanin competes with the 

production of pheomelanin. If the ~30 nm structures are the products of the 

melanogenesis process, then these kinetic arguments would suggest cysteinyldopamine 

forms the core, or center, of the structure and eumelanin encapsulates this core, giving 

rise to a final pigment that is approximately a 3:1 eumelanin/pheomelanin mixture. Image 

from S Ito, Commentary: Encapsulation of a reactive core in neuromelanin, PNAS 103 

(40) 2006. 
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 In this section the thermionic and field emission properties of geometrically 

patterned polycrystalline diamond films are investigated for use as the emitter material in 

thermionic energy converters. Two types of films are examined, silicon coated diamond 

tip arrays and homogeneous diamond tip arrays. 

 

3.1. Background on electron emission 

 As discussed in the earlier portions of this document, the methods of extraction of 

an electron from a solid surface include photo, thermionic, and field emission. 

Applications of photoemission for the examination of the threshold ionization potential of 

melanosome samples have been previously discussed; thermionic and field emission 

techniques will now be used to investigate carbon based films that possess field 

enhancing qualities. 

 Thermionic emission describes the flow of electrons from a surface caused by 

thermal vibrational energy overcoming the electrostatic forces holding electrons to the 

surface. As was described earlier, the process has a history of scientific investigation 

dating back to the mid 19th century and found practical application in the vacuum tube. 

Richardson quantitatively described thermionic emission in 1901 and received the Nobel 

Prize in 1928 for his work on the phenomenon. The current density due to thermionic 

emission, in A/m2, is described by the Richardson-Dushman equation: 

  eq 3.1 

where T is the temperature in degrees kelvin, Φ is the work function of the material, k is 

the Boltzmann constant, and A is a proportionality constant known as Richardson's 

constant. 
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 Field emission, unlike photo or thermionic emission, involves an electron 

tunneling through the potential barrier at the surface of a sample, rather than cresting it, 

due to the probability distribution associated with the electron’s energy. For field 

emission to occur, the potential barrier at the surface must be deflected by the application 

of a high electric field in order to make available spatial positions at the given energy 

level that lie outside of the sample surface. The Fowler-Nordheim equation describes the 

current density, in A/cm2 as a function of field and is given by: 

 eq3.2 

where A and B are constants, E is electric field, and t and α are functions of y, another 

variable, and are typically close to unity and often omitted in practice. In order for 

measurable field emission to occur, large electric fields (~107 V/m) need to be employed; 

a practice which is difficult for a homogeneous flat surface. If we consider instead a tip 

structured surface of the same material, an enhanced local electric field can be obtained 

around regions of high curvature. This effect can also be achieved by embedding 

conducting channels in an insulating matrix. To account for the amplification of the 

electric field at the region of interest, it is common practice to introduce a field 

enhancement factor, β, into the Fowler-Nordheim equations such that E → βE. In the 

case of a hemisphere on a plane, the field enhancement factor can be calculated exactly 

and is equal to 3. Typical approximations for more exotic geometries involve assuming 

the emitter structure resembles a hemisphere residing at the top of a post. Rohrbach 

calculated a suitable approximation for this case, concluding that 

    eq 3.3 
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where h equals the height of the post and r is the radius of the hemisphere capping the 

post [1]. In the limit of h = r, an enhancement factor of 3 is calculated and in the limit h 

>> r, the form of β = h / r is often used. 

Once an electric field is applied to a system the potential barrier at the surface of 

the sample is deflected and the maximum of this barrier is lowered. The lowering of the 

electron emission barrier is commonly referred to as the Schottky effect and has a 

magnitude equal to: 

        eq 3.4 

for electric field strengths less than 108 V m-1 where ∆Φ is the magnitude of the barrier 

lowering, ε0 is the permittivity of free space and E is the applied electric field. For 

electric field values greater than 108 V m-1, it has been noted that this equation tends to 

underestimate the barrier lowering and the more accurate Murphy and Good equation for 

emission is more appropriate [2]. Barrier lowering has direct implications for field 

assisted thermionic emission. A modest electric field of 1 V µm-1 would lower the barrier 

by ~ 38 meV. If the sample was engineered to have a β = 1000, using equation 3.4, the 

barrier lowering would be ~ 1200 meV. Such a substantial lowering would have a 

significant impact on the thermionic emission properties of a sample. 

Additionally, the thermal energies of electrons may be important when discussing 

field emission from a sample which has a more complicated band structure than a metal. 

Practically, field emission is performed at non zero temperatures and therefore may have 

a small component due to thermal excitations. If we take a material with a work function 

equal to 4 eV at room temperature, the thermal current in the absence of an electric field 

would approximately equal 1 x 10-60 Amps, which is essentially zero for all practical 
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purposes. However, with the application of a field, electrons thermally excited to defect 

or donor states in the band gap of a semiconductor or to conduction band states below the 

vacuum level would have an enhanced probability of being field emitted as compared to 

valence band electrons. Heating a sample to substantial temperatures may have a 

significant effect on the field emission properties as well. 

 

3.2. Applications 

 Electron emission is studied from nanostructured carbon materials under the 

application of an electric field and thermal excitation. The samples are carbon based 

emitters and possess some degree of field enhancement. The goal of the research is to 

elucidate the mechanism for emission in the samples and to evaluate their possible 

application in electron beam devices (such as displays or traveling wave tubes) or 

thermionic energy converters. 

Thermionic energy conversion is accomplished through the combination of a hot 

electron emitter in conjunction with a somewhat cooler electron collector, as in figure 1. 

In operation, electrons with thermal energy greater than the vacuum level of the emitter 

escape the emitter material, travel across the interelectrode gap, and are collected by the 

collector. The generated electron current can be used to do work in an external load. The 

system directly converts the thermal energy into electrical energy, and since the process 

is based on electron emission and collection with no mechanical motion, this source can 

be highly efficient and also operate without maintenance for extended periods of time. A 

limiting phenomenon to the vacuum emission of electrons is the space charge effect in 

which electrons in the vacuum close to the emitter surface impede additional electron 
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emission. A potential method to reduce this limiting effect is the introduction of surface 

features that produce a field enhancement effect at the surface. The electrons emitted 

from the tip shaped surface features, for example, would be rapidly accelerated, and the 

transit time from the emitter to the electron collector is reduced, consequently reducing 

the space charge effects. 

The idea of converting heat to electrical current by the thermionic emission of 

electrons was patented by Schlichter in 1923 [3], although little substantive work was 

done on the subject in the following decades. The practical roots of thermionic energy 

converters can be traced back to the arc-mode cesium vapor converter of VC Wilson in 

1957 [4]. These devices typically used flat metal electrodes with cesium vapor in the 

interelectrode space to reduce the space charge effect. Operational parameters were 1500 

to 2000 K emitter temperature generating several A per cm2 of current density and 

conversion efficiencies of 5 to 20%. Several applications were conceived in the 1960’s 

for these devices using solar, combustion, radioisotope and nuclear reactor heat sources. 

The designs of the Thermo Electric Corporation (TECO) served as an example of the 

early projects and an overview of their work is given in an article of Goodale [5]. The 

most heavily funded thermionic energy converter program, however, was the integration 

of thermionic nuclear fuel elements directly into the core of nuclear reactors for 

production of electrical power in space. Most notable among these was the TOPAZ 

program which was continually funded by the USSR from 1960 to 1989. During this 

period, a full-scale thermionic reactor was developed and tested and reactors were orbited 

and operated on Cosmos 1818 & 1867 in 1987.  
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3.3. Diamond 

Single crystal diamond films have sp3 bonded carbon atoms in a face centered 

cubic lattice (figure 2), the lattice constant of which is 3.567 angstroms at room 

temperature. The resulting atomic density of the material is 1.76 x 1023 cm-3, the most 

dense of any known. The material properties of diamond, listed in table 1, give rise to 

many varied applications. One application, electron emission, can be traced to the 

discovery of a high quantum yield for the photoemission of electrons from the (111) 

surface [6]. Since that time, there have been numerous projects devoted to the electron 

emission from diamond based films. 

A standard technique for synthesizing diamond films is chemical vapor deposition 

(CVD) in which a gaseous species is activated and deposited onto a substrate surface. A 

schematic of a microwave plasma CVD system is presented in figure 3 and the growth 

environment is shown in figure 4. There has been much debate and research over the 

particular growth species responsible for crystal growth. One of the most accepted 

models involves methyl radicals as the predominant growth precursor [7-9]. Through 

careful control of growth conditions, polycrystalline diamond films can be synthesized 

with this technique. These films are characterized by diamond grains separated by sp2 

grain boundaries. One type of film drawing significant interest in the field of thermionic 

energy conversion is nitrogen doped polycrystalline diamond [10]. This interest is due to 

the observed uniform emission of such films at moderate temperatures and the films’ 

ability to possess a negative electron affinity through hydrogen termination [11, 12]. 

Figure 5 displays a series of thermionic field electron emission microscopy (T-FEEM) 

images of a nitrogen doped diamond film. At low temperatures, field electron emission 
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microscopy (FEEM) images are not observed from these films, but at approximately 600 

to 700ºC, uniform photo electron emission microscopy (PEEM) and FEEM images are 

observed with nearly equal intensity. The uniform emission from the nitrogen doped 

surfaces may be considered to be emission from the negative electron affinity (NEA) 

surface for electron thermally excited into the diamond conduction band. Nitrogen doping 

exhibits a conductivity activation energy of 1.7 eV for substitutional nitrogen [13], 

suggesting that the energy level caused by substitutional nitrogen lies 1.7 eV below the 

conduction band minimum. A geometric field enhancement factor for the diamond films 

will be induced and studied by two methods; deposition on prefabricated silicon tip 

structures and deposition into prefabricated molds followed by chemical treatments to 

remove the mold material. 

 

3.4. Patterned diamond tips 

 

3.4.1. Silicon coated nanocrystalline tip arrays 

From: Thermionic Field Emission from Nanocrystalline Diamond Coated Silicon Tip 

Arrays 

 

3.4.1.1. Introduction 

Field enhancement through the introduction of surface features has been studied 

for many years, most notably with sharp metal tips [14, 15]. The Fowler-Nordheim 

equation, which describes field emission from a metal surface, is often modified with a 

field enhancement factor, β, to reflect the influence of surface topography on electron 
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emission. Research on metal tips has focused in part on producing self-collimated, 

coherent electron beams and has resulted in tips with a single atom at their apex [16-18]. 

It has been proposed that the field emission from these structures would be nearly 

independent of temperature up to several hundred degrees Celsius [19]. The temperatures 

of the prior studies were well below the temperatures examined in this study where 

thermionic emission predominates over field emission. Additional testing with silicon 

tips has been completed by several groups and similar results have been reported [20, 21]. 

In contrast to these studies, the results described here exploit the moderate enhancement 

from a robust, easily producible tip array in contrast to the extremely sharp tips employed 

for narrow energy range electron sources. 

 Ultrananocrystalline diamond (UNCD) films are characterized by 2–5 nm sp3 

grain sizes and 0.3–0.4-nm-wide sp2 grain boundaries. UNCD films have been deposited 

by microwave plasma-enhanced chemical-vapor deposition using either a C60 /Ar or 

CH4(1%)/Ar plasma that lead to the generation of C2 molecular precursors [22]. These 

precursors are theorized to result in the growth of films. Results indicate that UNCD is 

predominately diamond phase material with less than 5% of the film graphitic or 

amorphous phase as indicated by Near Edge X-ray Absorption Fine Structure (NEXAFS) 

and selected-area electron diffraction [23]. The presence of the sp2 bonds suggests that 

carbon is π–bonded at the grain boundaries. UNCD films exhibit a number of interesting 

materials properties, including enhanced field emission, and electrochemical, as well as 

mechanical, tribological, and conformal coating properties suitable for micro-electro-

mechanical system devices [22, 24]. 
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 Electron emission microscopy can be used to image the electron emission 

properties of a surface in a controlled UHV environment. In this system, electrons 

emitted from the surface are accelerated through a potential of 20 kV and imaged with 

electron optics. This instrument can be operated in a number of different configurations 

in order to investigate electron emission originating from various mechanisms. In its most 

basic mode, termed field-emission electron microscopy (FEEM), the potential difference 

between the sample and anode is the only mechanism which enables electron emission. 

At a sufficient applied electric field the potential barrier width is reduced making 

quantum mechanical tunneling of electrons into the vacuum possible. Illuminating the 

sample with UV light (e.g. from a mercury arc lamp) is termed photoelectron emission 

microscopy (PEEM). PEEM uses the photoelectric effect to assist the ejection of 

electrons from the sample. In this case, the electrons are emitted above the vacuum 

potential. The apparatus is capable of sample temperatures up to 1200º C. True 

thermionic emission occurs when there is a negligible applied field. This process involves 

thermally excited electrons which are emitted over the potential barrier at the surface and 

into the vacuum. The operation of the electron emission microscope requires a 20kV 

accelerating potential difference between the sample and the anode in order to direct the 

emitted electrons through the lens column. Therefore, imaging electrons at elevated 

temperatures is termed thermionic-field emission electron microscopy (T-FEEM). 

 Electron imaging techniques have been used to examine emission from relatively 

flat N-doped polycrystalline films [11, 12]. PEEM measurements of MPCVD N-doped 

polycrystalline diamond films show uniform emission over the whole sample surface 

with a fine textured grainy structure that is similar to SEM images. No detectable field 
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emission below 400º C is observed for these flat films. As the temperature is increased, 

very uniform electron emission can be observed that increases in intensity with increasing 

temperature. Heating above ~900º C results in a significant decrease in emission 

attributed to the loss of hydrogen from the surface and an increase in the electron affinity. 

Previous studies of conformally coated UNCD tips showed room temperature field 

emission at turn on fields as low as 1 V/µm with minimal dependence on coating 

thickness or tip geometry [22]. However, the films in this study exhibit behavior similar 

to our previously examined N-doped polycrystalline diamond films and do not exhibit 

field emission at room temperature.  

 

3.4.1.2. Materials and methods 

 The preparation of the samples for this study consisted of three separate steps: 

substrate preparation, pretreatment, and growth of the UNCD film. The silicon tip array 

was patterned using conventional photolithography and etching techniques, producing ~1 

µm tall tips spaced ~2.5 µm apart. The pretreatment portion of sample preparation first 

consisted of the deposition of a thin molybdenum layer over the entire substrate. The 10 

nm metal film was deposited by magnetron sputtering with an RF power of 100 watts in 

an Ar environment of 10-2 Torr. This metal layer was intended to assist in the seeding of 

the substrate and to enhance the nucleation density of the diamond film. The substrate 

was then seeded ultrasonically in a solution of methanol and nanodiamond powder for 30 

minutes. UNCD growth was carried out in a microwave plasma assisted CVD chamber. 

The gas concentrations during growth were 99% Ar, 10% N2 and 1% CH4 at a 
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temperature of 800º C and a microwave power of 1200 W. The deposition time was for 

20 minutes resulting in an expected film thickness of 100 nm.  

 Before and after the thermal experiments, each sample was examined with Raman 

spectroscopy and scanning electron microscopy (SEM) in order to confirm the film 

structure and to monitor any change due to the annealing process. Visible Raman 

spectroscopy was first performed with a Renishaw Raman microscope in the 

backscattering geometry with a HeNe laser at 633 nm and an output power of 25 mW 

focused to a spot size of about 2 mm. A Hitachi s-4700 field emission scanning electron 

microscope with an accelerating voltage of 10 kV was used to image the pre annealed 

samples. Post anneal samples were imaged with a JEOL Model JSM-6400F. 

PEEM and FEEM measurements were carried out in the Elmitec UHV 

photoelectron emission microscope described earlier. The distance between the anode 

and sample surface was between 2 and 4 mm resulting in an applied field of between 10 

and 5 V µm-1. Sample heating up to 1200º C is also available in the system, and, when 

employed, the measurements are termed T-PEEM or T-FEEM, depending on the use (or 

lack of) photo excitation in congruence with thermal excitation. 

 

3.4.1.3. Results 

 Raman spectra of the films are shown in figure 6. The shape of the spectra 

obtained from the nitrogen doped UNCD films is similar to those of nanocrystalline 

diamond. There are several identifiable peaks, the D-band peak at ~1340cm-1, the G-band 

peak at ~1556cm-1, and an undetermined shoulder at 1140cm-1 often associated with 

nanocrystalline diamond. The D and G band peaks are attributed to sp2-bonded carbon 
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while the 1140cm-1 peak has been attributed to sp2-bonded carbon, nanocrystalline 

diamond, or transpolyacetylene segments at grain boundaries and surfaces [25-27]. 

 SEM images of the tip array and the individual tip structure are shown in figure 7. 

From these images, it is evident that the UNCD film has completely covered the substrate 

and the tip structures. The tips themselves can be estimated to have a diameter of ~100 

nm and a height of 1 µm yielding a geometric field enhancement factor (h/r) of 

approximately 20. SEM images before and after the thermal experiments are also shown. 

No change in tip structure, geometry or composition is detectable after annealing to over 

1000ºC.  

 A PEEM image of the UNCD tip array film at room temperature is shown in 

figure 8. The image was obtained with UV excitation from an Hg arc discharge lamp with 

a cutoff at ~5.1 eV. The image indicates photoemission from both the tip structures and 

the flat background of the film. The emission is enhanced at the tips apparently due to the 

increased local field. The photo-excited electrons in the conduction band of the diamond 

are emitted into vacuum due to the negative electron affinity (NEA) of the film. Prior 

research has shown that the (100), (110) and (111) surfaces of diamond exhibit a NEA 

when terminated with hydrogen [6, 28-32]. For a film with a negative electron affinity, 

the vacuum level is pulled below the conduction band minimum (CBM) at the surface. 

Electrons excited into the conduction band will be released into vacuum without having 

to overcome an additional energy barrier. 

At room temperature, very low intensity FEEM images were only detectable 

when the CCD camera was integrated for 30s. The very weak emission is attributed to 

noise and artifacts of the measuring system. As the sample was heated above 600º C, 
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electron emission became evident. Temperature dependent FEEM images from 750º C to 

780º C are shown in figure 9. Significant detectable emission was observed at 750º C 

with emission originating from both the tip structures and the flat background of the film, 

similar to the PEEM imaging. An increase in the emission intensity is observed with 

increasing temperature up to 780º C whereby there is significant degradation of the 

emission which we attribute to the loss of the film’s NEA due to the desorption of the 

hydrogen. These results are consistent with our prior studies of nitrogen doped 

polycrystalline diamond films [11, 12]. After the desorption of hydrogen from the 

surface, the emission from most locations significantly decreases in intensity. 

As the temperature is increased further, a second regime of emission becomes 

evident starting around 900ºC, as shown in figure 10. Electron emission from several tips 

is clearly resolved and an increase in the number of emitting tips, as well as intensity, is 

observed with increasing temperature. Interestingly, emission is no longer detectable 

from the relatively flat background of the sample. The emission site density increases up 

to 1050ºC when almost all of the tips in the array are detectable. A further increase in 

temperature may have resulted in damage to the imaging system and, as such, was not 

explored. This high temperature regime is attributed to thermionic tunneling from N-

defect states through the lowered potential barrier of the tips. The field enhancing 

geometry of the tips results in enhanced tunneling at the higher temperatures. Unlike the 

initial thermionic field emission, this second regime does not rapidly degrade with time. 

Several temperature sweeps were conducted in which the sample was cooled to 

approximately 850ºC and re heated to 1050ºC. The emission characteristics were stable in 



 148

both intensity and density of emission sites. Unfortunately, the present set-up does not 

allow for emission current measurements of specific regions of the samples.  

 

3.4.1.4. Discussion 

 The presence of geometric structures on the surface of the film complicates the 

explanation of the electron emission. The barrier in a simplified vacuum potential 

approximation can be expressed by the equation: 

   eq 3.6 

which applies for z > 0 [33]. In figure 11 this expression is plotted against the band 

diagram expected for nitrogen doped crystalline diamond materials possessing both 

negative and positive electron affinities. The electron affinities for the given diamond 

surfaces were taken to be -1.3 eV for the hydrogen terminated surface [34] and +0.7 eV 

for the hydrogen desorbed surface [35]. Nitrogen doping has been shown to result in 

donor states 1.7 eV below the conduction band [13], and diamond has a band gap of 5.5 

eV. We have assumed flat bands at the surface. 

The barrier lowering due to the local field at the tip and flat surface can be 

calculated using: 

   eq 3.7 

where E is in units of V / Å and Vmax is equal to 0.53 eV and 0.12 eV below the vacuum 

level, respectively [33]. Using our experimentally applied field and the geometric 

enhancement, the maximum potential barrier is determined to be 0.41 eV less than that at 

the flat surface. In the case of hydrogen passivation, in which the film possesses a 
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negative electron affinity (figure 11a), when electrons from either the tipped or flat 

surfaces of the sample are thermally excited into the conduction band, they experience no 

additional potential barrier and are emitted into the vacuum. As the temperature is 

increased, the number of emitted electrons, and the intensity of emission, increases. 

However, the adsorbed hydrogen layer has been shown to be unstable at elevated 

temperatures [11]. Once these temperatures are reached, the hydrogen desorbs and the 

electron affinity is increased to a positive value of 0.7 eV (figure 11b). The conduction 

band minimum is then located below the vacuum level and, in the absence of an applied 

electric field, electrons occupying this energy level experience an additional potential 

barrier inhibiting their emission.  

 The electron emission characteristics of the UNCD coated tip array film make it a 

candidate for inclusion in future thermionic energy converting devices. The film shows 

spatially controllable emission (i.e. uniform over the deposited area) at relatively low 

temperatures as compared to conventional thermionic emitters. The field enhancing 

geometry would accelerate the emitted electrons more rapidly across the vacuum gap and 

thereby reduce space charge effects. 

The electron emission at elevated temperatures from UNCD coated tip arrays has 

been examined with T-FEEM. The electron emission characteristics of the film are 

consistent with other polycrystalline, nitrogen doped diamond films at moderate 

temperatures [11, 12]. The emission consists of a uniform increase in intensity with 

increasing temperature due to the negative electron affinity of the surface. Because of the 

geometric structure, i.e. tipped surface, field enhancement effects enhance the emission at 

the protrusions. At a temperature of ~800º C, the hydrogen passivation desorbs from the 
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surface of the film and the NEA is lost. This results in an overall decrease in the emission 

intensity. With increasing temperature, emission is again observed from the tipped 

structures. This second regime is stable upon annealing sweeps. The field enhancing 

geometry of the sample results in a barrier lowering as predicted by the Fowler-Nordheim 

equation. This barrier lowering, along with the ability to counteract space charge effects, 

makes the field enhancing geometry a promising candidate for thermionic energy 

converting devices. 

 

3.4.2. Homogeneous nanocrystalline diamond tip arrays 

 

3.4.2.1. Materials and methods 

The homogeneous diamond tip array fabrication scheme is shown in figure 12 

[36]. Micropatterned diamond field emitter arrays were fabricated by plasma enhanced 

CVD diamond deposition in and on the inverted pyramidal SiO2– Si mold. The process 

starts with a highly doped Si wafer and the thermal growth of ~ 0.2 µm of SiO2. The 

mold for the diamond tip array was created from this wafer using photolithographic 

patterning followed by anisotropic etching of the exposed areas with KOH. The 

nanocrystalline diamond film with grain size of 5–10 nm was deposited by CH4/H2/N2 

MPECVD technique. Pre-treatment of the substrate consisted of mechanical polishing of 

the surface using a 2.5-µm diamond powder, and ultra-sonication with a 5- to 20-nm 

diamond powder in acetone solution to augment diamond nucleation. The CH4/H2/N2-

nanodiamond growth process parameters include a gas mixture of CH4/H2/N2 (15/8/190 

or 15/180/20 sccm) respectively, microwave power and pressure of 550 W and 20 Torr 
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respectively, and a substrate temperature of 800 °C. The diamond film thickness was 

approximately 10 mm. After diamond deposition, a Ni layer (~1 µm) was deposited on 

the diamond film. The fabricated diamond tips were brazed with a ~500 µm thick, high 

temperature copper alloy [Cu(~26.7)/Ti(~4.5)/Ag(~68.8%)] onto a Mo substrate. The 

diamond brazing was performed in a vacuum of ~10-6 Torr at 1050 °C. The mold was 

then completely etched away by KOH and BOE solutions resulting in the homogeneous 

diamond tip array. 

Visible Raman measurements were completed with an ISA U-1000 scanning 

double monochromator using the 514.5 nm line of an argon ion laser as the excitation 

source. Scanning electron microscopy was done using a JEOL Model JSM-6400F. 

Ultraviolet photoemission spectra were obtained using a He discharge lamp primarily 

generating the He I line at 21.2 eV in a chamber with a base pressure of 3x10−10 Torr. A 

VSW 50 mm mean radius hemispherical analyzer and VSW HAC300 were operated with 

a pass energy of 10 eV resulting in an electron energy resolution of 0.1 eV. A negative 

4.00 V bias was applied to overcome the analyzer work function. The thermionic energy 

spectra were recorded in the same chamber under nearly identical conditions; The UV 

lamp was turned off. The electron spectrometers have been calibrated with an in situ 

deposited Au film. The PEEM and T-FEEM measurements were carried out using a set-

up identical to the silicon coated tips. 

 

3.4.2.2. Results 

 Raman spectroscopy of the homogeneous diamond tip array results in a similar 

spectrum as the silicon coated array, as shown in figure 13. The spectral characteristics of 
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these scans are similar to those reported for other nanocrystalline diamond films in the 

literature and are representative of typical nano-structured diamond. Visible Raman 

spectroscopy of carbon-based materials is dominated by scattering from sp2 hybrids as 

the sensitivity to these contributions is ~ 100 times that of diamond [37]. There are two 

broad identifiable peaks in the spectrum: the D-band peak at ~1340 cm-1 and the G-band 

peak at ~1556 cm-1. A shoulder at 1140 cm-1 is sometimes seen in spectra for 

nanocrystalline diamond and has been attributed to sp2-bonded carbon, nanocrystalline 

diamond, or transpolyacetylene segments at grain boundaries and surfaces. The G 

(graphite) mode is associated with stretching vibrations of any pair of sp2 sites while the 

D (disorder) mode corresponds to a breathing mode of sp2 aromatic rings. The D mode is 

only active when disorder is present in the film; it is forbidden in perfectly crystalline 

graphite. Despite the fact that the features in the Raman spectrum are associated with sp2 

bonds and there is little indication of a 1332 cm-1 peak normally associated with sp3 

bonding, these films are predominantly diamond. Figure 14 shows a typical visible 

Raman spectrum from a planar nanocrystalline diamond film and the accompanying total 

electron yield C edge NEXAFS spectrum for the film. It is evident from the presence of 

the diamond exciton at ~289 eV, the second band gap at ~302 eV and the weak π bond 

peak at ~285.5 eV that the film is predominantly sp3 bonded carbon. Analysis of this 

data, following established procedures [38-39], results in the presence of ~10% sp2 in the 

film. 

 SEM of the tip array is shown in figure 15. The periodic array of pyramidal tips 

with a base edge of ~15 µm and spaced ~10 µm apart is evident. Additionally, at a 

fraction of the tips in the array possessed a sharp needle ~1 µm in length. This additional 
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feature was not found at all pyramidal apexes, possibly missing due to mechanical 

damage and/or incomplete seeding and growth. 

The ultraviolet spectroscopy measurements of the homogeneous tip array exhibit 

a clear dependence with regards to both surface termination and temperature as shown in 

figure 16. Negative electron affinity properties can be measured by subtracting the 

measured UPS width of the spectrum and the band gap of the material from the excitation 

energy of the ultraviolet light. This value gives the electron affinity of the material, if it is 

0 or less, the material is said to have a negative electron affinity. In the case of diamond, 

with our experimental set-up, the band gap is between 5.2 and 5.4 eV and the UV light 

has an energy of 21.2 eV. By calibrating the spectrometer using an Au standard in situ, 

and assuming the system has reached equilibrium, we can deduce the position of the 

Fermi level of our samples. The values obtained for the work function of planar diamond 

films have been independently verified in a separate thermionic field emission system 

through curve fitting to the Richardson equation. The measured band diagrams are 

presented in figure 17. Initially, the as received sample was not hydrogen terminated and 

therefore did not possess a negative electron affinity. The room temperature value of the 

work function of the film was measured at 4.1 eV. As the sample was heated to 550ºC, 

the value of the work function decreased from 4.1 eV to 3.8 eV. Thermionic emission 

was not detected from the sample at this time. Following the initial measurements, the 

film was exposed to a one minute hydrogen plasma at ~650ºC and reintroduced into the 

analyzation chamber. SEM after the hydrogen plasma exposure still revealed the presence 

of the sharp needle feature on some of the tips. The room temperature UPS now clearly 

shows a sharp low energy cut-off, characteristic of a negative electron affinity. The 
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separation between the conduction band minimum and the Fermi level of the sample is 

now measured to be 3.2 eV. As the sample is again heated to 550ºC, this value decreases 

to 2.5 eV. Additionally, when the lamp is turned off, thermionic emission is measured 

near the conduction band minimum of the sample (figure 18). 

Electron emission microscopy of the hydrogen terminated sample was also 

performed. Room temperature PEEM shows a periodic array of bright emission sites 

against a more diffuse background. When the light is turned off, distinct field emitting 

sites are present, as in figure 19. These sites correlate spatially with the apex of the tip 

structures, however, not every tip is observed to emit. As the sample is heated, emission 

is detected with the microscope in FEEM mode from every tip in the array. The detection 

of the onset of this emission depends on the acquisition parameters of the software and 

microscope. As the sample temperature is increased, the emission from the tips increases 

in intensity up to a threshold temperature. At 750ºC, the emission degrades significantly 

(figure 20). Higher temperatures were not applied due to the stability of the brasing layer.  

 

3.4.2.3. Discussion 

 The electron emission results of the homogeneous diamond tip array are similar to 

the results of the diamond coated silicon tip array. The UPS measurements of the sample 

clearly show the change in electron affinity as a function of surface termination and 

demonstrate the importance of the hydrogen termination layer to electron emission. If a 

vacuum thermionic emission device is to be successful, the device needs to be operated in 

a regime where the hydrogen surface termination layer is stable. Also evident from the 

UPS, as the sample is heated the Fermi level of the sample shifts closer to the conduction 
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band minimum as electrons populate higher energy states due to nitrogen donors or 

defects in the sample. 

 The electron emission microscopy results of the two tip arrayed samples show 

close correlation when they are heated to elevated temperatures. The hydrogen 

termination layer is clearly unstable at temperatures around 750ºC, giving an upper limit 

to the operating temperature of any nitrogen doped diamond thermionic energy converter. 

A second characteristic observed in the homogeneous tip array that was not evident in the 

silicon tip arrayed sample is the presence of distinct emission sites at room temperature. 

These sites correlate spatially with the apex of the tips in the array; however, the emission 

site density is significantly lower than the pyramidal tip density. There are two possible 

explanations for this observation. The majority of the tips on the as-received sample were 

missing the needle like apex as shown in the SEM, due to either mechanical breakage or 

unoptimized growth conditions. The needle tip density of ~102 per cm2 correlates, 

roughly, to the emission site density observed in the PEEM; the room temperature field 

emitting sites may be due to the geometric field enhancement present at these ultrasharp 

tip features. Another possibility relates to the presence of localized emission sites in 

planar nanocrystalline diamond films. At room temperature, several groups have shown 

electron emission from localized sites with threshold field values as low as 0.5 V/micron 

[40-44]. The exact mechanism of emission from these sites is still unknown; several 

groups have proposed different theories explaining the phenomenon. One approach 

suggests that the occurrence of conducting grain boundaries in the film results in a field 

enhancement sufficient to account for the field emission [41-43]. However, the reported 

emission site densities of the films are many orders of magnitude less than the number of 
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grain boundaries at the surface, suggesting an alternate or additional factor is present. 

Other groups have proposed that complex geometric nanostructures at the surface induce 

the emission [44]. Careful measurements correlating an emission site using PEEM and 

SEM have shown no features which can solely account for the observed emission (figure 

21) [45]. 

 The performance of a vacuum thermionic energy converter is governed by two 

phenomena, electron emission from the surfaces of the device and electron transport 

across the interelectrode gap. The later is often referred to as the negative space charge 

effect. Models examining the effects of nonplanar emitter geometries show that the 

current density generated from these devices is higher than planar geometries, depending 

on the specific geometries of the tip arrays [46]. The reasons for this increase are two 

fold. First, the surface area of a nonplanar emitter is greater. Second, Schottky barrier 

lowering enhances the emission current at the tip structures. An additional feature of the 

emission created by nonplanar geometries involves the higher electric field at the tip 

apexes and the corresponding increase in kinetic energy of the electrons from the tip 

apexes. Electrons with increased kinetic energy will traverse the interelectrode gap more 

quickly, reducing the negative space charge effect in the device. Single electron 

kinematics calculations indicate that electrons in a low electric field may spend up to 

twice as long in the gap compared to electrons in a higher field [46]. Any reduction in the 

space charge effect will result in the enhanced performance of the device and will allow 

for larger gap distances, thus making the fabrication of such devices more feasible. 
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3.5. Summary 

 Two types of geometrically patterned polycrystalline diamond films, silicon 

coated tips and homogeneous diamond tips, have been studied using a variety of 

techniques with the application of thermionic energy conversion in mind. It has been 

shown that the tipped structures result in enhanced emission over the surrounding flat 

areas, which may prove valuable in limiting the negative space charge effect in vacuum 

energy converting devices. Additionally, the effects of exceeding the hydrogen 

desorption temperature for the films has been shown, establishing a maximum operating 

temperature for any device which incorporates hydrogen terminated diamond. 
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3.8. Tables  

Table 3.1. The properties of diamond. 

  At Room 
Temperature Applications 

Lattice Constant 3.567 Å   

Density 3.515 g/cm3 Cutting Tools 

Knoop Hardness 110 GPa Polishing and 
Grinding 

Young's Modulus 1050 GPa Wear-Resistant 
Coatings 

Coefficient of Friction 0.05 to 0.15   

Longitudinal Phonon Velocity 1.8 x 106 cm/s Speaker Diaphragms 

Thermal Conductivity 2500 W/mK Thermal 
Management 

Linear Expansion Coefficient 1 x 10-6 K-1 Heat Sinks and 
Spreaders 

Breakdown Field 1 x 107 V/cm   

Carrier Saturated Velocity 
2.7 x 107 cm/s 
(e), 1.0 x 107 

cm/s (h) 

Active and Passive 
Electronic Devices 

Carrier Mobility 
2200 cm2/Vs 

(e), 2000 
cm2/Vs (h) 

Intrinsic Resistivity > 1016 Ωcm 

High Power, 
Frequency, and 

Temperature 
Applications 

Johnson's Figure of Merit 4.30 x 1013 V/s Transistors 

Keyes' Figure of Merit 7.98 x 109 
W/sK   

Bandgap 5.47 eV   

Absorption Edge 225 nm Optical Windows and 
Coatings 

Dielectric Constant 5.7 Radiation Detectors 

Index of Refraction 2.41 for λ = 
632.8 nm Gemstones 

Electron Affinity ≈ -1 eV 
Vacuum 

Microelectronic 
Devices 

 

Diamond possesses a combination of several extreme properties making the material both 

unique and useful to a variety of applications. 

From Diamond: Electronic Properties and Applications, eds. L.S. Pan and D.R. Kania 

(Kluwer Academic Publishers, Boston, 1995), Handbook of Industrial Diamonds and 



 162

Diamond Films, eds. M.A. Prelas, G.P. Popovici, and L.K. Bigelow (Marcel Dekker, 

New York, NY, 1998) and The Physics of Diamond, eds. A. Paoletti and A. Tucciarone 

(IOS Press, Amsterdam, 1997).  
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3.9. Figures 

 

 

Figure 3.1. Schematic of a thermionic energy converter. 

A schematic diagram illustrating the principles of a thermionic energy converter is 

shown. An electron current is generated, and used to do work in an external circuit, by 

heating an emitter to the point of thermionic emission. The emitted electrons traverse a 

vacuum gap and are collected at a somewhat cooler collector material.  
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Figure 3.2. The diamond crystal lattice. 

A ball and stick model of the diamond lattice is presented, illustrating the tetrahedral 

bonding of carbon atoms. The diamond crystal structure consists of a face centered cubic 

lattice with a two atom basis. The two carbon atoms in the basis are offset by one quarter 

of the body diagonal. The lattice constant for diamond, a, is 3.567 angstroms. 
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Figure 3.3. A Microwave plasma chemical vapor deposition (MPCVD) reactor. 

A drawing of an ASTeX microwave plasma CVD chamber with an inductively heated 

sample stage, similar to the chambers used to produce the diamond films in this study, is 

shown. From Diamond Films Handbook, eds. Jes Asmussen and D.K. Reinhard (Marcel 

Dekker, New York, 2002). 
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Figure 3.4. The diamond growth environment. 

A schematic of the different processes which are suspected to lead to the deposition of 

diamond by chemical vapor deposition is shown [47].  
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Figure 3.5. Electron emission microscopy of nitrogen doped diamond. 

T-FEEM imaging of a nitrogen doped diamond film shows decreased emission above a 

threshold temperature of approximately 750ºC [11]. This decrease in emission correlates 

with the desorption of the film’s hydrogen termination and the subsequent increase in the 

film’s electron affinity. 
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Figure 3.6. Raman spectrum of diamond coated silicon tips. 

Raman spectra of the UNCD coated tip array before annealing show characteristics peaks 

associated with nanocrystalline diamond. The D-band peak at ~1340cm-1, the G-band 

peak at ~1556cm-1, and a slight shoulder at ~1140cm-1 are identifiable. The sharp peak at 

~520cm-1 and the shoulder at ~950cm-1 are of the underlying silicon. 
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Figure 3.7. Scanning electron microscopy of the diamond coated silicon tips. 

SEM of the UNCD coated Si array before annealing indicates tips which are completely 

coated with the UNCD film (figures A and B). The diameter of the tip is approximately 

100 nm while the height is 1 µm. SEM after the annealing experiments (C and D) shows 

no change in coverage, shape, or structure of the film. 
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Figure 3.8. Room temperature photo electron emission microscopy of the diamond coated 

silicon tips. 

A PEEM image of the UNCD coated tip array at room temperature is shown. Emission is 

evident from both the flat areas of the sample and the tipped structures. The field of view 

is 150 µm. 
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Figure 3.9. Thermionic field electron emission microscopy of the diamond coated silicon 

tips. 

Temperature dependent FEEM images of the UNCD coated tip array are shown. A steady 

increase in electron emission with increasing temperature is observed up to 750º C. 

Electron emission is detectable from both the tips and flat background of the sample. The 

geometric field enhancement effect results in stronger emission from the apex of the tips 

as compared to the background. After five minutes of exposure at the elevated 

temperature, the emission degrades. This corresponds to a loss in the film’s NEA due to 

hydrogen evolution from the surface. The field of view is 150 µm. 



 172

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10. Thermionic field electron emission microscopy of the diamond coated 

silicon tips. 

Temperature dependent FEEM images of the UNCD coated tip array at elevated 

temperatures are shown. After the loss of the film’s NEA, temperature dependent field 

emission continues to be evident. As the sample is annealed to higher temperatures, 

strong electron emission is observed from the tips of the array, and there is no longer 

detectable emission from the flat background of the sample. This emission is stable and 

repeats with successive increasing and decreasing temperature sweeps. The field of view 

is 150 µm. 
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Figure 3.11. Band diagrams of the diamond coated silicon tips. 

The potential barriers of the geometric features of the film are plotted versus the band 

diagram of nitrogen doped diamond for the case of a -1.3 eV electron affinity (NEA) (a), 

and a +0.7 eV electron affinity (PEA) (b).  
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Figure 3.12. Fabrication process for homogeneous diamond tips. 

A schematic of the fabrication process for the homogeneous diamond tips is shown [36]. 

The process starts with the photolithographic patterning of a silicon wafer and the 

MPCVD of diamond. The sample is then brazed to a molybdenum substrate and the mold 

is etched away. 
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Figure 3.13. Raman spectrum of the homogeneous diamond array. 

The Raman spectrum of the homogeneous diamond tip array is presented and shows 

peaks commonly associated with nanocrystalline diamond.  
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Figure 3.14. Raman and near edge x-ray fine structure (NEXAFS) of nanocrystalline 

diamond. 

A Raman spectrum (top) and a NEXAFS total electron yield spectrum (bottom) for the 

same nanocrystalline diamond film are shown. Despite the absence of a strong 1334 cm-1 

peak in the Raman, the NEXAFS shows clear indications of a high concentration of sp3 

bonded carbon. The film is ~ 10% sp2 as calculated using established NEXAFS 

procedures. 
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Figure 3.15. Scanning electron microscopy of the homogeneous diamond tip array. 

Scanning electron microscopy reveals a periodic array of diamond tips. Some of the tips 

do not have the predicted sharp apex due to poor nucleation, physical abrasion or other 

causes. H plasma exposure, which results in an H terminated surface, does not blunt the 

tips. 
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Figure 3.16. Ultraviolet photo spectroscopy of the homogeneous diamond tip array. 

Ultraviolet photo spectroscopy of the homogeneous diamond tip array before (top) and 

after (bottom) hydrogen termination is shown. Both surface terminations show a decrease 

in work function with increasing temperature. The as received sample does not possess a 

negative electron affinity. After hydrogen termination, a negative electron affinity is 

induced, as evidenced by the sharp low energy cut-off in the lower spectra. 
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Figure 3.17. Band diagrams of the homogeneous diamond tip array. 

The band diagrams, compiled from the UPS measurements, are shown. For both surface 

terminations (the as received is assumed to be oxygen terminated), the workfunction of 

the material decreases with increasing temperature. The oxygen surface is shown to have 

a positive electron affinity and the hydrogen surface possess a negative electron affinity 

at both temperatures. 
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Figure 3.18. Thermionic energy spectrum of the homogeneous diamond tip array. 

The thermionic energy spectrum (red) of the homogeneous tip array is superimposed on 

the UPS of the film at 550ºC. Thermionic emission is detected from the sample near the 

conduction band minimum. 
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Figure 3.19. Room temperature PEEM and FEEM from the homogeneous diamond tip 

array. 

Room temperature PEEM and FEEM from the homogeneous diamond tip array is shown. 

The periodic array of tips is clearly evident in PEEM. When the light source is turned off, 

there are a few field emission sites detectable. These emission sites correlate spatial with 

the apex of the tips. The field of view in both images is 150 µm. 
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Figure 3.20. Temperature dependent field electron emission microscopy from the 

homogeneous diamond tip array. 

Temperature dependent FEEM showing the increasing in emission from the hydrogen 

terminated homogeneous diamond tip array up to a threshold temperature (~750ºC) is 

shown. The increasing emission correlates with the UPS measurements. When the critical 

temperature is reached, the hydrogen desorbs from the surface and the sample reverts 

more closely to the as received condition. Thus, emission degrades significantly. 
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Figure 3.21. Correlation between morphology and an emission site for a nanocrystalline 

diamond film. 

The same area of a nanocrystalline diamond film is shown in PEEM (a), FEEM (b), and 

SEM (c) [45]. There are no discernable sharp features that would result in an 

enhancement factor substantial enough to account for the strong field emission site. 

 



 184

4. Summary and Future Work 

4.1. Summary 

 Electronic interactions describe almost all phenomena of our everyday existence 

and the electron is crucial to these events. Electron emission microscopy is a powerful 

technique for measuring real-time electron emission on a nanometer scale. As such, the 

development and refinement of electron microscopes has been actively pursued for over a 

century. This work begins by giving a brief description of electron emission phenomena 

and the details surrounding the history of their discovery. Special attention is paid to the 

development of the electron microscope and a specific system, the Photo Electron 

Emission Microscope (PEEM) in conjunction with the Duke UV Free Electron Laser 

(UV-FEL), is described. Subsequent chapters describe specific applications of the PEEM 

apparatus. 

 In chapter two, we have defined a procedure for measuring the photothreshold of 

a heterogeneous sample on a microscopic scale using UV-FEL PEEM. The factors 

influencing the calculation of the photothreshold curve, such as temperature and FEL ring 

current, have been explored and a model system of titanium silicide nanoislands and 

wires has been examined as a control. The established technique was then applied to a 

variety of melanosome samples originating from human hair, eyes, and the brain in order 

to probe the photochemical properties of the materials. By relating the photothreshold of 

the samples to the oxidation potential, comparisons can be made regarding the generation 

of oxidative stress. Additional samples, such as lipofuscin from the RPE, have also been 

studied. The UV-FEL PEEM threshold ionization values for pheomelanin have been 

checked by two complimentary procedures, ultrafast transient absorption spectroscopy 
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and EPR oximetry, and excellent agreement has been obtained between the three 

measurements. 

In chapter three, two types of geometrically patterned polycrystalline diamond 

films, silicon coated tips and homogeneous diamond tips, have been studied using a 

variety of techniques with the application of thermionic energy conversion in mind. It has 

been shown that the tipped structures result in enhanced emission over the surrounding 

flat areas, which may prove valuable in limiting the negative space charge effect in 

vacuum energy converting devices. Additionally, the effects of exceeding the hydrogen 

desorption temperature for the films has been shown, establishing a maximum operating 

temperature for any device which incorporates hydrogen terminated diamond. 

 

4.2. Future Work 

 The measurements performed in chapter two quantifying the photothreshold of 

melanosome samples may be extended on a number of fronts. The substructure of many 

of the melanosome samples is yet known. When the upgrades to the UV FEL system are 

complete, higher resolution imaging may be possible. Substructural ionization 

information may elucidate the organization of motifs or functional groups on the 

melanosomes. A second avenue of exploration regarding melanosome samples involves 

the emission intensity dependence as a function of polarization angle of incident light. 

Initial results from melanosomes isolated from the sepia fish and obtained with polarized 

light from an Argon ion laser at 244nm indicate emission dependence of the samples with 

regard to polarization angle, possibly signifying an ordered structure to the melanosomes. 

The origin of the emission dependence and the accompanying structural organization will 
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be the subject of future work. The procedure for measuring the photo ionization threshold 

of a heterogeneous sample can also be expanded to measure other vacuum compatible 

materials, such as fibrous molecules.  

 In chapter three, the benefits of field enhancement of polycrystalline diamond 

films have been studied and examined for thermionic energy conversion applications. 

The diamond films used in these experiments exhibited work functions on the order of 

2.5 eV at a moderate temperature of 550ºC. Currently, complimentary research by FAM 

Köck and YJ Tang under the direction of RJ Nemanich has regularly produced nitrogen 

doped diamond films whose work functions are on the order of 1.5 eV. Future work will 

combine the geometric field enhancement of a tip array with these promising low work 

function diamond films. Also, quantitative analysis of efficiencies and energy generation 

still need to be performed and prototype energy conversion devices using the described 

samples should be constructed and tested.  

 

 

 

 

 

 

 

 

 

 


