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ABSTRACT 

The overall goal of this research is to investigate the 

enhancement mechanisms associated with the surface enhanced 

Raman scattering (SERS) phenomenon. The approach taken in 

these investigations is to directly compare the SERS 

abilities of cu and Ag surfaces using both SERS and electron 

spectroscopy. One set of experiments has been directed 

toward studying the contribution of the charge transfer (CT) 

mechanism to the SERS of pyridine adsorbed on cu and Ag 

electrodes. These studies involve modifying the electrodes 

by depositing submonolayer amounts of Pb which serves to 

quench the SERS. By using a variety of excitation energies, 

the resul ting quenching profiles track the CT process. 

Additionally, other electrochemical/SERS experiments have 

been pursued in order to probe the contribution of the CT 

mechanism. 

The second set of experiments involved measuring the 

optical properties of the Pb-modified cu and Ag surfaces 

using electron energy loss spectroscopy in the reflection 

mode (REELS). Based on electromagnetic (EM) theory, the 

enhancement is, to a rough approximation, indirectly 

proportional to €2' the imaginary part of the dielectric 



23 

constant. Thus, the goal of these studies is to determine 

the changes in €2 as a function of Pb coverage in order to 

determine the contribution of the EM mechanism to the SERS 

quenching profile. 

It was necessary to develop a method to determine 

optical constants from REELS data. A number of pure metals 

(Al, Cu, Ag, AU, Ti, V, Fe, Co, and Ni) were chosen to test 

the method. In all cases, our results compare well to the 

literature values with a relative standard deviation of 20% 

or less. 

Having established the method, the next step was to 

apply it to the Pb-modified CU and Ag surfaces. Due to 

instrumental limitations, only semi-quantitative optical 

constants could be determined. From these values, it was 

found that the relative changes in the €2 values were larger 

for submonolayer coverages of Pb on Ag compared to Cu. The 

EM enhancements determined from these results did not 

predict the SERS-quenching behavior suggesting that other 

mechanisms must be considered. 
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The demand for methods to characterize surfaces is 

expanding as technological advances tend more and more 

toward interfacial processes. In particular, solid/gas and 

solid/liquid interfaces are of great importance in the areas 

of heterogeneous catalysis, fuel cells, microelectronics, 

and corrosion of different materials under a variety of 

environmental condi tions. Classically, these types of 

interfaces have been characterized macroscopically, for 

example, using contact angle (surface tension), 

conductivity, work function, and electrode potential 

measurements (1.1). Even though these measurements provide 

information concerning physical propertiel? of surfaces, they 

supply very little chemical insight. 

The development of spectroscopic techniques for surface 

analysis has vastly improved the understanding of the 
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chemical nature of surfaces. It has been estimated that 

over 200 different spectroscopic techniques have been 

developed for the investigation of surfaces (1. 2). The most 

significant advantages to using spectroscopy as tools to 

study surfaces (and also bulk materials) are the 

accessibility of chemically specific information. In 

spectroscopy, photons, electrons, ions, and electromagnetic 

(EM) fields are used to probe the sample. The atomic and 

SUb-atomic particles along with the EM fields perturb the 

sample,for example, exciting an electronic transition. By 

measuring the response of the perturbed species, chemically 

specific information is acquired which is dictated by the 

type of spectroscopy employed. Thus, through judicious 

choice of a spectroscopic method, specific characterization 

of a particular interface may be achieved. 

criteria for Surface Spectroscopic Techniques 

The criteria for spectroscopic techniques are different 

in surface characterization relative to bulk 

characterization. Sampling is not trivial due to the 

limited number of species in the interfacial region in 

comparison to those in the bulk. Differentiating between 

the two can often be very difficult. This problem is often 
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sidestepped by removing part or all of one or both bulk 

phases which originally formed the interface, for example, 

the emersion of an electrode from solution for analysis. 

In doing this type of ex situ analysis, some suspicion is 

raised concerning the integrity of the interface after the 

removal step is complete. Hence, a more desirable approach 

is the use of in situ techniques which allow the 

characterization of the interfacial region intact. In this 

approach, difficulties involving the separation of 

analytical signal due to the limited number of surface 

species from the abundant number of bulk species must be 

addressed. Attempts directed toward overcoming this problem 

are discussed below. 

A second criterion for surface spectroscopy, which is 

alluded to above, is the necessity for high sensitivity. 

In a 1 cm2 area covered with a monolayer of analyte, there 

are 106 less molecules present than in a 1 ml volume of 

solution at an analyte concentration of 1 M. Additionally, 

increasing the area analyzed, such as the path length in a 

bulk analysis, is very difficult due to the extremely small 

region (thickness < 100 A) which makes up an interface. In 

recent years, the technological improvements in 

spectrometers, and in particular, excitation sources and 
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detectors, have markedly increased the sensitivity of many 

spectroscopic techniques. Some examples of such 

advancements are given below. 

A final criterion which must be met by the surface 

spectroscopic technique is to supply the desired 

information. Due to the difficulties encountered in 

addressing the sampling and sensitivity problems discussed 

above, the third criterion is often sacrificed. Examples 

of approaches which lead to alternate information include 

ex situ analysis, perturbations to the interface for 

background subtraction of bulk signal, and the use of atomic 

information to answer molecular questions. Improvement of 

existing surface spectroscopic techniques and development 

of new ones is strongly motivated by the desire to obtain 

information which best characterizes the interface yet meets 

sampling and sensitivity requirements. 

Electrochemical Double Layer 

An interface which has been studied since the turn of 

the century is the electrochemical double layer (1.3). The 

double layer is produced when two conducting phases are 

brought into contact. At the interface, there is 

distribution of charged particles with an excess of 
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positively charged particles nearer the phase with a 

negative potential and an excess of negatively charged 

particles nearer the phase with a posi ti ve potential. 

Typically, the double layer is formed between a solid 

electrode and an electrolyte solution although solid/solid 

and liquid/liquid double layers are common. Both faradaic 

and non-faradaic processes occur in the double layer region 

which gives it a dynamic character. 

Due to the industrial importance of electrochemical' 

processes in areas such as corrosion, batteries, and 

catalysis, significant research is directed toward 

characterizing the double layer. The classical approach to 

studying the double layer is through electrochemical methods 

which are based on monitoring changes in electrical 

response, such as potential, current, and charge, as a 

function of an applied electrical perturbation. A variety 

of methods have been developed which provide a wealth of 

information about electrochemical processes. 

A disadvantage associated with electrochemical 

techniques is their lack of molecularly-specific 

information. This information is critical to understanding 

of the molecular structure of the double layer. The 

earliest model of the double layer, the Helmholtz model 
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(1.4), assumed a configuration similar to a parallel plate 

capacitor. It was proposed that there were two sheets of 

charge at the interface, one on the electrode side and the 

other on the solution side. An improvement to this model 

was suggested independently by Gouy (1. 5) and Chapman (1. 6) • 

The improvement addressed the misconception that the excess 

charge could be confined to the near-surface region in the 

form of a sheet. Al though the excess charge on the 

electrode is confined in such a manner, confining an equal 

number of oppositely charged particles from solution is more 

difficult, particularly at low electrolyte concentrations. 

Thus, a diffuse layer was proposed to model the solution 

side of the interface. A final modification proposed by 

stern (1.7) was based on the Gouy-Chapman treatment of 

charge carriers in solution as point charges. stern 

indicated that these point charges are actually ions subject 

to solvation effects which restrict their ability to diffuse 

to the surface of the electrode. He proposed the double 

layer to be composed of several layers with its structure 

dictated by the chemical nature of the specific 

electrochemical system. This model is widely accepted at 

the present time. Due to this chemical nature of the double 

layer, methods which provide molecular information are 
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essential to the characterization of its structure. 

Spectroscopic Methods for Characterizing the Double Layer 

A variety of spectroscopic techniques have been used to 

characterize the structure of the double layer. In this 

section, commmonly employed techniques will be discussed. 

Ultraviolet-Visible Spectroscopy. The earliest application 

of spectroscopy to the characterization of the double layer 

was that of ultraviolet-visible spectroscopy (UV-Vis) in the 

transmission mode (1.8, 1.9) .' In these experiments, 

optically transparent electrodes are necessary in order to 

transmit the visible light through the electrode. Although 

uv-vis is not a very chemically specific technique, it has 

been successfully employed in determining electron transfer 

information (1.10). The advantage of using UV-Vis over 

standard electrochemical methods is the removal of 

interferences due to charging effects which typically 

interfere with the interpretation of electrochemical data. 

To get around the necessity for optically transparent 

electrodes, McCreery (1.11,1.12) reported a parallel 

absorption method (PAM) which involves sampling the solution 

adjacent to the electrode. This approach is limited to how 
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close the excitation source can be directed to the 

electrode. This distance is ca. 5 ~m which is outside the 

double layer region but does sample some of the diffuse 

layer. 

Specular Reflectance Spectroscopy. In specular reflectance 

spectroscopy (1.13), the intensity of light reflected from 

the electrode is measured. A variety of wavelengths may be 

employed; however, visible and IR light are typically used. 

The reflectance, which is defined by the ratio of the 

intensity of reflected light to the intensity of the 

incident beam, provides information about the optical 

properties of the interface. Due to the difficul ties 

associated with obtaining absolute reflectance measurements 

(very small absorptions, surface roughness, etc.) , 

reflectance experiments are typically performed as 

differential measurements. In electrochemical experiments, 

these differences may be induced by changing the applied 

potential. 

In addition to measuring changes in intensity, other 

properties of the light may be measured, such phase and 

polarization changes. These types of measurement also 

furnish information concerning the optical properties of the 
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interface and are used in ellipsometry (1.14) 

Both reflectance and ellipsometric measurements are 

useful tools in characterizing electrodeposition and 

corrosive systems (1.15,1.16); however, they provide very 

limited information concerning the structure of the double 

layer. 

Electron spectroscopies. The use of electron spectroscopies 

has become a wide-spread approach to characterizing 

electrode surfaces (1.17) • In particular, x-ray 

photoelectron spectroscopy (XPS) and Auger electron 

spectroscopy (AES) have provided a means for elemental 

identification. XPS and AES offer the following 

capabilities: a) analyzing for all elements except Hand 

He, b) only the surface region (1 to 3 nm) of the electrode 

is probed, c) detection limits are near 0.1 % depending on 

the element of interest, d) oxidation state information is 

accessible, particularly with XPS, for many elements, and 

e) methods for quantification in these areas are continually 

improving (1.18). Additionally, characterization of single 

crystal electrodes is possible when imaging techniques are 

available, such low energy electron diffraction. 
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The largest disadvantage in applying electron 

spectroscopic methods to the investigation of 

electrochemical systems is the requirement of ultra-high 

vacuum conditions (UHV). Thus, all measurements must be 

made ex situ. To compensate for this, many researchers have 

developed emersion techniques which minimally disturb the 

double layer (1.19,1.20) 

An additional electron spectroscopic technique which has 

recently been employed in studing the vibrational spectra 

of species adsorbed at electrodes is high resolution 

electron energy loss spectroscopy (HREELS) (1.21). HREELS 

provides molecular information which is difficult to extract 

from either XPS or AES data. Future studies which combine 

HREELS with AES or XPS are expected to provide a wealth of 

information concerning the emersed double layer. 

Infrared Spectroscopy. In the techniques which have been 

discussed above, onlyHREELS provides molecular information. 

In order to elucidate the structure of the double layer, 

molecular information is vital. Infrared spectroscopy (IR) 

is a vibrational spectroscopic technique which.is commonly 

used to obtain molecular information for a variety of 

materials. The application of IR to study electrochemical 
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systems, however, is not trivial. The main obstacle to 

overcome is discrimination of signal due to surface species 

from that due to bulk species. Many solvents used in 

electrochemistry are very strong IR absorbers, in particular 

water, which dominate the response in various regions of the 

spectrum. Additionally, sensitivity is a problem in IR due 

to the less efficient excitation sources and detectors 

relative to other optical techniques. The use of Fourier 

transform (FT) instruments has greatly 'improved this 

limitation. 

A variety of approaches have been taken to address the 

discrimination problem. One approach involves the 

modulation of the electrode potential (electrochemically 

modulated IR spectroscopy) (1.22). In this technique, it 

is assumed that the surface species will respond to this 

modulation while the bulk species remain unaffec'ted. Care 

must be taken in determining modulation frequencies due to 

timing considerations related to the detection of the 

response of 

potential. 

surface species to changes in electrode 

Systems which exhibit slow kinectics and/or 

reorganization of the double layer are not amenable to this 

technique. 
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The use of polarized light has also been used to address 

the discrimination problem in IR (1.23-1.25). This approach 

takes advantage of the surface selection rules of sand p 

polarized light discussed by Greenler (1.24). At the 

surface, s polarized light is predicted to form a node, 

while p polarized light is reflected. The signal due to 

bulk species is accounted for by subtracting the surface

sensitive p polarized intensity from the s polarized 

intensity. This approach is hampered by the breakdown in . 

surface selection rules which govern the background 

subtraction. Thus, care must be taken in the interpretation 

of data acquired under these conditions. 

Raman Spectroscopy. Raman scattering is a vibrational 

spectroscopy based on light scattering, in contrast to IR 

which is an absorption technique. As result of this 

difference, the selection rules for the two spectroscopies 

are very different which results in vibrational bands which 

are IR active and Raman inactive and vice versa, although 

many bands exhibi t both Raman and IR acti vi ty • Raman 

spectroscopy is an attractive tool for application to 

electrochemical studies for two reasons. First, many 

electrochemical solvents, including water, are poor Raman 

, .... --... -... ', .. -..... ~ .. '. 
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scatterersi thus, discrimination problems are minimal 

compared to IR. Second, information in the low energy 

region of the spectrum « 500 cm-') is easily accessed with 

Ramani in IR, vibrational bands in this region are typically 

not recorded due to instrumental limitations. This energy 

region contains vibrational information regarding species 

bound to the electrode, such as specifically adsorbed 

anions, which is very important in double layer studies. 

Despi te these advantages, Raman spectroscopy is an 

inherently insensitive technique. The application of normal 

Raman scattering to the study of interfacial systems has 

only recently been achieved by replacing photomultiplier 

tube (PMT) detectors with multichannel detection systems 

(1.26,1.27). At the present time, long integration times 

are required to obtain sufficient SIN, but improvement in 

the quantum efficiency of charge couple devices is 

addressing this problem. Based on present research in this 

laboratory (126), it is speculated that these detectors will 

revolutionize the application of Raman spectroscopy to 

studying surface phenomena. 

Presently, most applications of Raman spectroscopy in 

electrochemical systems rely on PMT detection. Thus, the 

sensitivity problem is overcome by probing systems which 



37 

exhibit an enhancement in the Raman scattering process. Van 

Duyne and coworkers were the first to demonstrate the use 

of resonance Raman scattering, which takes advantage of 

increased stokes and Anti-stokes scattering when the energy 

of the incident photon is within an electronic transition, 

to study electrochemically generated species (1.28). 

Enhancements as large as 106 over normal Raman scattering 

can be realized (1.29). This approach has been used to 

study a variety of electrochemical systems, especially those 

involving biological molecules (1. 30) . These studies, 

however, are limited to the investigation of chromophore

containing molecules. 

A second technique which has had an enormous impact on 

the application of Raman scattering to studying interfacial 

regions is surface enhanced Raman scattering (SERS). In 

SERS, the Raman scattering of molecules in the surface 

region only are enhanced (by as much as 106 over normal 

Raman scattering); thus, SERS provides both sensitivity and 

discrimination against the bulk. For these reasons, SERS 

is an ideal tool for studying the electrochemical double 

layer. 
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Surface Enhanced Raman scattering 

SERS was first observed in the late 1970's (1.31-1.33). 

since these first reports, SERS has been employed in a 

number of investigations of a variety of interfaces. The 

increased sensitivity provided by the enhancement coupled 

with the fact that the enhancement is confined to species 

in the surfa,ce region, makes SERS a true, in situ surface

analytical method which provides molecular information. 

Based on the discussion of other spectroscopic techniques 

above, SERS is unique in this sense. 

As wi th most analytical methods, SERS does have a 

variety of limitations. Due to the nature of the 

enhancement, which will be discussed below, only a 

restricted number of metals exhibit SERS activity. The 

strongest SERS-active metal is Ag using excitation 

throughout the visible and into the near-IR region of the 

spectrum. Enhancements as large as 106 in the Raman 

scattering cross-sections over normal Raman scattering are 

estimated for species adsorbed at Ag surfaces (1.34). eu 

and Au also exhibit strong enhancements with excitation 

wavelengths longer than ca. 600 nm. The enhancements at 

these metals are estimated to be ca. 104 to 105 (1. 34). SERS 
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at other metals has also been reported; these include Ni, 

Pt, Li, K, and Na. However, the magnitude of the 

enhancement at these metals is much less. A list of SERS 

active adsorbate/substrate systems which have been reported 

in the literature (current through 1986) has been compiled 

by Seki (1.35). 

In addition to the need for specific metals, pre

treatment of the surface is typically necessary to obtain 

a sizeable enhancement. The surface must be roughened, with 

roughness features of specific dimensions in order to 

observe an enhancement. The necessity for this pretreatment 

is addressed below. 

The most noteworthy disadvantage, however, stems from 

the inSUfficient understanding of the enhancement itself. 

Considerable research has been directed toward understanding 

the origins of SERS. A number of excellent reviews have 

been published as to the progress made in this area (1.36-

1.39). Currently, two widely-accepted mechanisms are 

believed to be responsible for the SERS phenomenon. In the 

following sections, an overview of these enhancement 

mechanisms is given. 
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Electromagnetic Mechanisms 

A number of groups have developed enhancement theories 

based on the response of small metal particles to 

electromagnetic (EM) fields (1.40-1.42). Although 

enhancements have also been calculated for flat metal 

surfaces, these enhancements are predicted to be less than 

100 (1.36,1.43). Enhancement calculations from roughened 

surfaces, on the other hand, have adequately predicted many 

experimental observations associated with SERS, such as 

wavelength dependences and optimal sizes of the roughness 

features. 

In applying these theories to predict enhancements at 

SERS-acti ve surfaces, it is assumed that the roughness 

features on the metal surface can be modelled as small metal 

ellipsoids. The enhancement in both the elastic (Raleigh) 

and inel~stic (Raman) scattered radiation is produced when 

the induced dipole in the adsorbed species is increased. 

Since this dipole is induced by both the incident field and 

the field elastically scattered by the metal ellipsoid, 

increasing either of these fields will serve to enhance the 

scattering process. When the ellipsoids are small compared 

to the wavelength of light and their optical properties are 

optimal, the field elastically scattered by the ellipsoid 
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becomes larger than the incident field when the frequency 

becomes resonant with that of the dipolar surface plasmon. 

As a result of this process, these surface plasmons are said 

to be radiative. These calculations (1.42) predict an 

optimal radius of the ellipsoid to be between ca. 5 nm for 

Ag. 

Following calculations developed by Kerker (1.42), the 

Raman enhancement factor G, which is defined as the ratio 

of the Raman intensity of the molecule at an ellipsoid to 

the Raman intensity of the molecule in the absence of the 

ellipsoid, may be expressed by the equation, 

G = 1 (1 + 2g) (1 + 2go) 1
2

, (1.1) 

where 

[ E1 (wo ) / €2 (wo ) ] - 1 
g = (1. 2) 

E1 (wo ) / €2 (wo ) ] + 2 

[ E1 (w) / €2 (w) ] - 1 
g = (1. 3) 

[ E1 (w) / €2 (w) ] + 2 

and E1 is the complex dielectric function of the substrate, 

€2 is the dielectric constant of the ambient medium, Wo is 

the incident excitation frequency, and w is the frequency 

of the scattered radiation. When the frequencies of the 

incident and Raman-scattered radiation approach the surface

plasmon resonance condition, G becomes proportional to 
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[(€, - 1)/€2]4, where are the real and imaginary part of €,. 
Thus, the smaller the value of €2' the larger the value of 

G becomes. Thus, metals such as Ag, eu, and Au, whose 

dielectric functions meet this requirement at energies 

corresponding to the visible region of the spectrum, are 

predicted to have large enhancements. Based on these 

calculations, the optical properties of the substrate offer 

a means for roughly approximating enhancement factors. 

Interestingly, the enhancement at Ga using 457.9 nm 

excitation was found to be three times larger than when 

using 514.5 nm excitation which follows the predictions 

based on these calculations (1.44). 

In addition to enhancement at ellipsoidal roughness 

features, EM enhancements have also been predicted to occur 

in cavities of porous substrates (1.45,1.46). This 

mechanism has been investigated for SERS-active coldly

deposited films; however, the existence of cavities on 

roughened electrodes is not clear at the present time. 

Although it has been established that the EM mechanism 

has a large contribution to the overall enhancement observed 

in SERS, estimated to be ca. 104 , the results of many SERS

related studies cannot be explained by EM predictions alone. 

For example, Furtak and Roy (1.47) reported the linear 
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shifting in the potential at which the SERS intensity of a 

variety of adsorbed species on Ag electrodes were at a 

maximum (E~x) as a function of the excitation energy. Both 

E~x and the shift in E~x with excitation energy were found 

to be unique to a given adsorbate. EM theory does not 

account for the "chemical" nature of this phenomenon. 

Additionally, Chang and co-workers (1.48) reported the 

irreversible loss of the SERS intensity due to pyrdine 

adsorbed on a Ag electrode when the applied potential was 

cycled to potentials negative of E~x. These losses were 

ascribed to the diffusion of adatoms on the surface. 

According to EM theory, adatoms dimensions are too small to 

playa role in the enhancement; thus, they are not predicted 

to constribute to the SERS response. 

Chemical Mechanism 

Due in part to the observations described above,. a 

number of mechanisms have been proposed based on chemical 

interactions between the adsorbed species and the metal 

substrate. The most widely accepted of these mechanisms is 

that of a photo-induced charge transfer (CT) process. The 

CT mechanism was first proposed in 1979 (1.49,1.50); it is 

based on a photon-induced electron transfer from the Fermi 
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level of the metal at chemically distinct sites to an 

unfilled electronic level of the adsorbate. The electron 

is then transferred back to the metal leaving the adsorbate 

in an excited vibrational state. Upon this transfer, the 

electron-hole pair stimulates the emission of a Raman 

scattered photon. As described, this process represents a 

metal-to-adsorbate CT process. Likewise, an adsorbate-to

metal CT process is envisioned in which an electron from a 

filled electronic state in the adsorbate is transferred to 

an unfilled electronic level in the metal at chemically 

distinct sites. Using electron energy loss spectroscopy, 

it was suggested by Schmeisser, Demuth, and Avouris (1.51) 

that adatom or atomic scale roughness sites may be 

responsible for the CT process. 

The enhancement due to a CT process is dependent on the 

energy of excitation, the Fermi level of these sites, and 

the energy of the adsorbate electronic levels along with 

their energy distribution. These three factors must be 

matched in order to maximize the contribution of the CT 

process to the enhancement. By "tuning" the CT process, 

this maximum can be determined. This "tuning" can be 

accomplished by changing the Fermi level of these sites or 

by changing the energy of excitation. In an electrochemical 
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experiment, the Fermi level can be al tered simply by 

changing the applied potential of the electrode. Thus, 

electrochemical SERS experiments are well sui ted for testing 

this "tuning" effect observed for the CT mechanism. 

Unanswered Questions Concerning Enhancement 

Although considerable progress has been maded in 

understandi~g the enhancement phenomenon, there is still an 

insufficient quantitative understanding of the relative 

contributions of the mechanims described above. In 

particular, there are still many questions to be answered 

concerning the contribution of each enhancement mechanism 

for a given SERS-active surface under a given set of 

experimental condi tions. SERS has been observed at a 

variety of metal surfaces, although Ag, Cu, and Au are the 

most frequently used metals, and prepared using various 

roughening procedures. These procedures range from 

mechanical scraping to vapor deposition on cold substrates. 

Although these different surfaces may be SERS-active, it is 

readily apparent that the size and shape of the roughness 

features may be quite different which would have a profound 

effect on the type of enhancement observed. 
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In order to improve the quality of SERS as a surface 

analytical tool, methods for characterization of SERS

activity are necessary. The use of underpotential 

deposition (UPD) of foreign metals to investigate the SERS 

of various electrochemical systems has provided insight into 

this area (1.52-1.66). The appeal of this approach is that 

the surface properties can be systematically changed in a 

highly reproducible and quantifiable manner. In the 

earliest such study, Loo and Furtak (1.52) reported SERS 

excited with 514.5 nm radiation of pyridine on a Au 

electrode onto which 0.15 monolayer (ML) of Ag was 

deposited. Au is not SERS active at this wavelength; thus, 

the enhancement was attributed to the presence of Ag. These 

results were explained in terms of a chemical enhancement 

mechanism rather than an EM mechanism, since the optical 

properties of the Ag-modified surface are not expected to 

change appreciably at such low coverages. Similar results 

were obtained by Furtak (1.60) and Pemberton (1.61) for the 

Ag on Pt system using pyridine as the probe molecule. It 
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was found by Moerl and Pettinger (1.55) that 0.003 ML of Cu 

on Ag stabilized the SERS-active sites as demonstrated by 

negative potential excursions. Such excursions are believed 

to destroy adatom sites associated with the CT mechanism 

(1.48). Further evidence for this stabilization was 

recently provided by Ha and Kim (1. 59) in their 

investigation of the effects of temperature on the SERS of 

the cu on Ag system. It was reported that at room 

temperature, traces of cu could stabilize the Ag SERS-active 

sites, but at elevated temperatures, the cu adatoms were too 

mobil to offer any stability. In a study presented by 

Watanabe and coworkers (1.54), the effects of the UPD of Tl 

and Pb on the SERS of pyridine at Ag electrodes were 

compared. It was found that using excitation at 488 nm, the 

SERS was nearly quenched at 0.03 ML of Tl, but the SERS

quenchin~ was much weaker in the case of Pb. These results 

were interpreted in terms of the CT mechanism. 

The effect of UPD Pb on the SERS of pyridine and Cl- at 

Ag electrodes has been investigated in detail in previous 

studies reported from this laboratory (1.62-1.66). In one 

study (1.66), it was found that the SERS-quenching profiles 

of these adsorbates were strongly affected by the energy of 

excitation. Both EM and CT mechanisms were considered in 
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the interpretation of these results. Using a model 

developed by Murray (1.67), the EM enhancements of the Pb

modified Ag electrodes were estimated at the various 

exci tat ion energies. It was found that these predicted 

enhancements did not correlate well with the experimental 

quenching profiles. A model based on the CT process was 

proposed to explain the quenching behavior. 

Vapor Deposition 

Studies similar to those described above using UPD, have 

been employed to investigate SERS-active films formed under 

UHV conditions (both island and coldly-deposited films) 

(1.68-1.72). In these investigations, the foreign metal is 

deposited by vapor deposition techniques. Gao and Lopez

Rios report studies involving the vapor deposition of 

submonolayer overlayers of Pd (1.68,1.70), Al (1.69), and 

CU (1. 71) on UHV-prepared SERS-active Ag films. In all 

cases, the SERS-intensi ty of the adsorbate, pyridine, 

decreased as the overlayer coverage was increased. In the 

Pd study (1.68), after the SERS-intensity of pyridine was 

quenched following Pd deposition, Ag was deposited in 

submonolayer coverages on top of the Pd over layer. The 

SERS-intensity of pyridine was partially reenhanced as a 
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result of this Ag overlayer. In a similar study by campion 

(1.72), SERS of pyridine was observed at a non-SERS active 

Rh (100) substrate onto which a o. 1 ML of Ag had been 

deposited. 

Methods to Measure optical properties of Modified Surfaces 

In the discussion on EM mechanisms, it was noted that 

EM enhancements depend on the optical properties of the 

surface. Thus, changes in the enhancement as the surface' 

is modified can be estimated by monitoring changes in the 

optical properties. Quantitative measurement of optical 

properties, however, is not trivial, especially at surfaces 

modified by submonolayer films. Approaches used in these 

measurements are optical spectroscopies, such as reflectance 

and ellipsometry, and electron energy loss spectroscopy 

(EELS). 

Reflectance and ellipsometry, discussed above, have been 

used wi th some success to determine changes in optical 

constants at electrode surfaces. Kolb (1.73) determined the 

optical constants of polycrystalline Au modified by the UPO 

of Tl, Cu, and Pb using differential reflectivity. Muller 

and Farmer (1.74) determined the change in ellipsometric 

response parameters, 6 and ~, for Ag (111) and Cu (111) 
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substrates modified by the UPO of Pb. 

A drawback in using either reflectance or ellipsometry 

for quantitative determination of optical constants is the 

necessity for smooth surfaces. This requirement is related 

to the sensitivity of photon scattering to surface roughness 

(1.75). Although a few differential reflectance 

measurements have been reported for po1ycrysta11ine metals 

(1. 76, 1. 77), difficulties arise due to background problems. 

An alternate method to determine optical constants is 

EELS. EELS is based on electron scattering which is less 

sensitive to surface roughness compared to optical 

measurements. Additionally, a very large energy window (1 

to 100 eV) can be investigated with EELS relative optical 

techniques which are limited by the energy of the light 

source. Since EELS requires UHV environments, very clean 

surfaces can be investigated. 

In an EELS experiment, an electron beam is directed 

toward the sample, and the energy of the scattered electrons 

is measured. The electrons may either be elastically or 

inelastically scattered. The difference in energy between 

the incident and inelastically scattered electrons is termed 

the energy loss. This energy represents the energy of 

electronic excitations in the sample induced by the incident 
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beam. These excitations are typically band transitions and 

plasmon formations. Through application of dielectric 

theory to understanding these electronic transitions 

(1.78,1.79), the experimentally determine energy loss was 

related to the complex dielectric function, e , by the 

following expression (1.80), 

1=----- (1. 4) 

where I is the spectral intensity, 10 is the intensity of 

the elastically-scattered electrons, t is the electron 

penetration depth, ao is the Bohr radius, mo is the electron 

mass, v is the incident electron velocity, 1m[-l/e(E)] is 

the loss function, P is the collection angle, and BE is the 

characteristic scattering angle for an energy loss of energy 

E. using a Kramers-Kronig analysis (1.80), e can be 

calculated from 1m[-l/E]. (Throughout this dissertation, 

1m[-l/E (E)] will be referred to as Im[-l/E]). Thus, by 

isolating Im[-l/e] from the experimental EEL spectrum, E can 

be determined. It must be noted that isolation of 1m[-l/e] 

is difficult due to additional physical processes which 

occur during an EELS experiment which interfere with the 

energy loss measurement (see Chapter V for details). 

, ', ..... --." .,.. ... -.... _., . ~ 
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The application of EELS to study metal substrates 

modified by foreign metals has been very limited. Miller 

and Axelrod (1.81) reported EEL spectra of layered metallic 

thin films of Bi and Mg. Equiluz and Campbell (1.82) used 

EELS to measure surface energy-loss functions of alkali

metal modified Al surfaces. Lee and coworkers (1.83) 

monitored the epitaxial growth of Fe on Cu (100) using EELS. 

In all of these studies, no attempt was made to 

quantitate optical property changes as a result of 

modification of the substrate by foreign metal deposition. 

The main reason for the lack of application of EELS in this 

area is the arduous data treatment which is required to 

obtain quantitative information. In the work described in 

this dissertation, a data treatment method is proposed to 

determine semi-quantitative optical constant information 

for these types of interfaces. 

Mechanistic Studies of Copper SERS 

From the studies cited above, considerable insight has 

been gained into the SERS ability of Ag based on the CT 

mechanism. However, very little work has been directed 
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toward other SERS-active metals, in particular Cu. In 

comparison to Ag, there is a paucity of studies directed 

toward probing the enhancement of CU surfaces. In spite of 

this deficiency, significant observations of SERS at Cu 

electrodes have been made. It was noted by Buck (1.84) that 

the potential dependence of the SERS of ruthenium-pyridyl 

complexes at CU electrodes was markedly different than at 

Ag electrodes. This observation was somewhat surprising 

based on the expected electrochemistry, and it was suggested 

that these differences may be the result of a SERS effect. 

Rubim and Sala (1.85,1.86) compared the Raman and 

fluorescence spectra of mixed CU(I)/pyridine/halide 

complexes to the SERS and surface fluorescence spectra of 

pyridine adsorbed on a CU electrode. They concluded that 

the adsorption of pyridine leads to the formation of Cu(I) 

surface complexes and further proposed that these complexes 

are SERS "active sites" involved in CT processes. Ha and 

Kim (1. 87) reported the irreversible loss of the SERS 

intensity of pyridine adsorbed on Cu electrodes at elevated 

temperatures due to the instability of CU adatoms. 

One approach taken in mechanistic investigations is to 

directly compare the SERS-abilities of SERS-active metals 

to Ag. Although there are a few 'studies involving direct 
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comparison of CU and Ag SERS reported in the literature 

(1.88-1.93), most research has been directed toward 

understanding the EM mechanism. Creighton (1.93), however, 

has provided evidence for the contribution of the CT 

mechanism to the SERS of pyridine adsorbed on CU electrodes. 

Objectives of Research 

The objectives of the research described in this 

dissertation are the following: 

1. To optimize the experimental procedures necessary to 

obtain SERS from pyridine adsorbed at Cu electrodes. 

2. To characterize SERS from pyridine adsorbed at Cu 

electrodes with respect to excitation energy, stability, 

solution conditions, and ORC procedures. 

3. To directly compare the SERS ability of CU to Ag by 

modifying the surface using UPO of Pb. 

4. To directly compare the stability of the CT active sites 

using negative potential excursion experiments. 

5. To develop a method to determine optical constants of 

metals using REELS. 
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6. To assess the usefulness of the REELS data treatment 

method on a variety of metals. 

7. To determine the change in optical constants of cu and 

Ag substrates as a function of submonolayer Pb coverage 

using the REELS method. 

8. To correlate the changes in optical constants of cu and 

Ag with the experimentally determined SERS data. 

The results of these studies provide· evidence for the 

contribution of the CT mechanism to the SERS of pyridine at 

cu electrodes. Additionally, these results suggest increased 

stability of the CT sites associated with Cu electrode 

relative to Ag. 

The development of the REELS method for determination 

of optical constants of metal surfaces provides a means for 

monitoring changes in the EM enhancement as the SERS-active 

surfaces is modified. Furthermore, the emperical approach 

taken in this method makes it widely applicable to 

investigation of a variety of metal systems. 
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CHAPTER II 

EXPERIMENTAL 

Details of the experimental techniques, instrumentation, 

and materials used in the studies discussed in this 

dissertation are described in this chapter. The chapter is 

divided into two sections: a) electrochemistry/spectroscopy' 

and b) ultra-high vacuum (UHV). Additional information is 

supplied in the Appendix concerning software used in the UHV 

experiments. 

Electrochemistry and Raman Spectroscopy 

Raman Spectroscopic Instrumentation 

Experiments were performed on two Raman systems. A 

block diagram of the system used to collect all data except 

those acquired with 1064 nm excitation is shown in Figure 

2.1. The spectrometer was a Spex 1403 double monochromator 

with 1800 grooves rom"' holographic gratings. The scattered 

radiation was collected using two collection mirrors and 
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focused on the entrance slit of the double monochromater. 

The configuration of the double monochromator is shown 

in Figure 2.2. The entrance and exit slits, S1 and S4 in 

Figure 2.2, were set at 0.8 mm, and the center slits, S2 and 

S3' were left completely open (10 mm) in these experiments. 

The bandpass at was ca. 6 cm-1• Detection was accomplished 

with an RCA C31034A photomultiplier tube (PMT) which is 

thermoeletrically cooled to ca. -25°C. Dark count values 

typically ranged from 40 to 120 counts so,. The spectrometer 

system was interfaced to a Spex Datamate dedicated 

microcomputer system. 

Laser excitation was provided by a Coherent CR~599 dye 

laser pumped by a Coherent Radiation 90-5 Ar+ laser. 

Excitation wavelengths of 580 and 620 nm were provided by 

a Rhodamine 6G/ethylene glycol dye solution, and the 720 nm 

line was provided by a Pyridin 2/ethylene glycol dye 

solution. A narrow bandpass birefringent filter in the dye 

laser was used to select the desired excitation wavelength. 

Laser power measured at the sample was typically 70 mW. 

The spectrometer used to acquire data with 1064 nm 

excitation is illustrated in Figure 2.3. The spectrometer 

was a Perkin-Elmer model 1700 series FT-IR spectrometer 

equipped with a Indium Gallium Arsenide (InGaAs) detector. 
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A CVI C-95 Nd/YAG laser was used to supply 1064 nm 

radiation; the laser power was 125 mW at the sample. A 

right angle prism mounted in the center of an f/1.3 

collection lens directed the laser beam to the sample. The 

scattered light was collected in a 180 0 back-scattering 

configuration. The scattered radiation was passed through 

two Raleigh line filters before it was directed to the 

interferometer. Spectra were acquired over a 500 to 3000 

cm-1 region by averaging 30 scans at 6 cm- 1 resolution. 

Total collection time for each spectrum was ca. 1 min. All 

spectra were divided by an instrument response function 

generated with a low temperature tungsten filament white 

light source. 

Electrochemical Cells 

The spectroelectrochemical cell used in these 

experiments was of a previously reported design (2.1) and 

is shown in Figure 2.4. The body of the cell was made of 

Kel-F, the window was made of quartz, and the rest of the 

cell body was made of Lucite. Details of the cell design 

and construction are given in reference 2.2. 

The polycrystalline cu and Ag (Johnson Matthey, 99.9%) 

disc working electrodes of geometric area 0.8 cm2 were 
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tapered hole for straight bore Hamilton 
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angle Hamilton valve with Luer-lok 
fitting, 1 = coiled Pt auxiliary 
electrode, m = medium porosity glass 
frit, n = glass housing for auxiliary 
electrode solution, 0 = large O-ring, p 
= pyrex plate, q = front plate, r = L
shaped Luci te bracket, s = hole for 
micrometer, t = threaded holes for 
mounting cell body to Lubite bracket, u 
= threaded holes for mounting cell onto 
spectrometer sample holder) 
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mechanically polished to a mirror finish using successively 

finer grades of alumina (Buehler) down to 0.05 ~m, rinsed 

with copious amounts of triply distilled water, and 

sonicated in triply distilled water for ca. 5 min before 

use. A Pt wire served as the auxiliary electrode. All 

potentials are reported versus a saturated calomel electrode 

(SCE). 

The electrochemical cell used to perform the ORCs was 

a standard three-electrode cell. The working, auxiliary, 

and reference electrodes were the same as those described 

above. The reference electrode was placed very close to the 

working electrode through the use of a Luggin-Haber 

capillary. 

The electrochemical cell used in differential 

capaci tance experiments consisted of a CU working electrode, 

as described above, a Pt gauze auxiliary electrode (area ca. 

88 cm-2) , and a Ag/AgCl reference electrode placed in a 100 

ml beaker. Note that all potentials are reported versus a 

SCE. 

Electrochemical Instrumentation 

Potentials were controlled with an IBM Instruments model 

EC/225 Voltammetric Analyzer. Charge passed during 
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oxidation-reduction cycles was monitored using a Princeton 

Applied Research model 379 digital coulometer. 

Differential capacitance measurements were made using 

a phase-sensitive detection method. An external sine wave 

added to an EG&G model 362 potentiostat was provided by a 

Wavetek Model 143 function generator at a frequency of 6 Hz 

and a 20 mV peak-to-peak AC amplitude. The AC output from 

the potentiostat was analysed by simultaneous recordings of 

the in-phase and quadrature components using an EG&G Model 

5210 Lock-In-Amplifier. 

Materials 

The solutions used in these experiments were as follows. 

For experiments not involving Pb UPD, a solution of 0.1 M 

KC1/0.05 M pyridine was used. For Pb UPD experiments, a 

solution of 0.1 M KC1/0.05 M pyridine/1 x 10-3 M Pb(N03)2 was 

used. Both SERS solutions were acidified to pH 5.5 by the 

addition of 3 M HC1. Additional data were collected using 

a 1 x 10-4 M Pb+2 concentration. Except where specified, the 

Pb+2 concentration was 1 x 10-3 M. In one set of 

experiments, it was necessary to use 0.5 M NaF /0.05 M 

pyridine solutions in the acquisition of CU SERS. This 

solution was used at natural pH (ca. 8). All chemicals were 
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reagent grade and used as received. All solutions were 

prepared from triply distilled, deionized water, the last 

distillation being from basic permanganate. All solutions 

were deaerated by bubbling with N2 prior to used. 

oxidation-Reduction Procedures 

The oxidation-reduction cycles (ORCs) used to roughened 

the electrodes were performed in 0.1 M KCI/0.05 M pyridine 

at natural pH (ca. 8) with the exception of the F-/Cu SERS 

experiments in which ORCs were performed in 0.1 M NaF. The 

electrodes were roughened by ORCs performed in the absence 

ofPb+2• 

Two type of ORCs were used in these experiments. The 

first is termed the potential scan method. The typical 

cyclic voltammogram of an ORC for a CU electrode in 0.1 M 

KCI/0.05 M pyridine is shown in Figure 2.5a. In the 

potential scan method, the potential is ramped linearly in 

the positive direction at 0.01 V s-1 from an initial 

potential of -0.40 V until ca. 12 mC cm-2 of anodic charge 

is passed, then the potential is reversed, The total anodic 

charge passed is ca. 25 mC cm-1• The second type of ORC is 

the potential step method in which the potential is stepped 

from -0.40 V to typically 0.08 mV (0.70 V in the case of the 
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F- experiments), held at this anodic potential until ca. 25 

mC cm-2 of total anodic charge was passed, then stepped back 

to the original potential of -0.40 V. A typical 

chronocou1omogram of an ORC for a cu electrode in 0.1 M 

KC1/0.05 M pyridine is shown in Figure 2.5b. In all the Cu 

SERS experiments reported in this dissertation, the 

electrodes were prepared using the step method. The reasons 

for this are discussed in Chapter III. 

The SERS from Ag electrodes reported in this 

dissertation were obtained on surfaces roughened using both 

the potential step and scan methods. A typical cyclic 

vo1tammogram of a step ORC for a Ag electrode is shown in 

Figure 2. 6a. The potential is ramped in the positive 

direction at 0.01 V s-1 from an initial potential of -0.20 

V and reversed after ca. 11 mC cm-2 of anodic charge is 

passed. The total charge passed is ca. 25 mC cm -2. A 

typical chronocou1omogram of a step ORC for a Ag electrode 

is shown in Figure 2.6b in which the potential is stepped 

from -0.20 V to ca. 0.05 V. The potential is held at this 

potential until ca. 25 mC cm-2 is passed, then stepped back 

to the initial potential. Both ORCs were performed in 0.1 

M KC1/ 0.05 M pyridine. Comparison of the SERS-intensity 

potential profiles of pyridine at Ag electrodes shown in 

Figure 2.7 indicates that 
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there were no noticeable differences in the SERS from 

surfaces roughened by either method. 

The electrodes were polished between ORCs in order to 

insure consistency from experiment to experiment. After the 

electrodes were roughened, they were transferred to the 

spectroe1ectrochemica1 cell. Note that this procedure was 

used prior to all spectral acquisition. 

Pb Underpotentia1 Deposition 

In the Pb quenching experiments, submonolayer amounts 

of Pb+2 were deposited by UPo. UPO is an attractive 

deposition method for the SERS studies described in this 

dissertation mainly due to the the fact that the deposition 

is dictated by the applied potential (2.3). At any given 

potential within the UPO potential region, only a given 

amount of Pb is deposited, independent of the time the 

potential is poised at a given value. Thus, UPO offers the 

capability of quantitative and reproducible deposition of 

submonolayer coverages of Pb. Cyclic voltammograms of the 

UPD of Pb on roughened Cu and Pb on roughened Ag are shown 

in Figure 2.8a and 2.8b, respectively. 

The fractional Pb monolayer coverages were calculated 

by comparing the charge under the stripping wave obtained 
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at different potentials with that obtained for a full 

monolayer coverage on a given electrode (2.3). Figure 2.9 

shows stripping peaks used to determine the Pb deposition 

isotherms. Areas under the stripping curves were measured 

with a planimeter. Three measurements were averaged for 

each stripping peak. The fractional Pb coverage was 

calculated by taking the ratio of the peak area of the 

submonolayer coverage to the peak area at monolayer 

coverage. The potential corresponding to monolayer coverage 

was taken to be the most negative UPD potential as shown in 

the cyclic voltammograms in Figure 2. Sa and 2. Sb. The 

deposition isotherms of UPD Pb were determined for each 

surface after the SERS-quenching profiles were collected. 

Typical Pb deposition isotherms are shown in Figures 2.Sc 

and 2.Sd for eu and Ag, respectively. 

Raman Spectral Acquisition Procedures 

In general, spectra for the v1 ring-breathing mode 'of 

pyridine were acquired between 960 and 1060 cm-1 at 1 cm-1 

increments over a 1 s integration perio,d. Additionally, 

spectra were collected between 250 and 3000 cm-1 at 2 cm-1 

increments over a 1 s integration period. All spectra were 

taken as single scans. 
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The dye laser line was calibrated prior to data 

collection using the following method. First, the entrance 

and exit slits were decreased to 0.2 rom (the center slits 

are left open). The laser line was set according to the 

micrometer settings listed in the dye laser log book. The 

beam was directed toward the ceiling with nothing 

obstructing its path, i.e. no sample present. The value, 

in cm-', of the desired laser line was input into the 

Datamate. The trigger to deactivate the safety shutter was 

disengaged by pushing the red button on the side of the 

monochromater. The monochromater was scanned over the laser 

line: generally, a 100 cm-' region was used. If the laser 

line did not correspond to the input value, either the 

micrometer at the dye laser or the input value was adjusted. 

The electrode was positioned such that the incident beam 

was at an angle of ca. 55" with respect to the surface 

normal, and the scattered light was collected at an angle 

of ca. 60" with respect to the surface normal. 

SERS Intensity-Potential Profile Procedures 

In the data collection of the SERS intensity-potential 

profiles, a SERS spectrum of the v, ring breathing mode of 

pyridine was collected initially at -0.40 V to check the 
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Once the activity was 

inspected, the potential was stepped to -0.20 V to begin 

data collection. The potential was held a minimum of 1 min 

prior to data collection in order to insure equilibrium. 

The potential was stepped in the negative direction after 

the SERS spectrum was collected in typically 0.10 V 

increments. 

Pb UPDjSERS Quenching Procedures 

In the data collection of the UPD Pb SERS quenching 

profiles, a SERS spectrum of the v, ring breathing mode of 

pyridine was collected initially at -0.35 V for cu and -0.34 

V for Ag. These potentials were chosen as they are ca. O. 02 

V posi ti ve of the onset of the Pb UPD process. The 

potential was held a minimum of 1 min prior to the 

collection of the SERS spectrum in order -to insure 

equilibrium. After the data were collected at a given 

potential, the potential was stepped in the negative 

direction in 0.01 V increments. 

Differential Capacitance Procedures 

The first step in taking the differential capacitance 

measurement was the calibration of the instrument. This was 
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accomplished by attaching the electrochemical leads 

(working, auxiliary, and reference electrodes) to a 100 n 

resistor and autozeroing the lock-in-amplifier (LIA). The 

calibration was checked after the first few runs to monitor 

the stability of the instrument. It was found that it was 

not necessary to recalibrate the instrument. 

After attaching the leads from the potentiostat to the 

electrochemical cell, the cell was activated at a potential 

of -0.24 V for CU and 0.00 V for Ag. Readings of the in-' 

phase and quadrature components of the AC output were taken 

directly from the LIA by hand. These readings were recorded 

after the signal had stabilized (between 30 sec and 2 min). 

After the readings were taken, the potential was stepped in 

the negative direction in 0.02 V increments. Data were 

collected from the initial potential to -1.44 V for both 

the CU and Ag electrodes. 

After the data were collected, the in-phase and 

quadrature readings were used to calculate the differential 

capacitance values using the following equation: 

Cd = (i/ + i/) / (Ew . i z) (2.1) 

where Cd is the differential capacitance, i, is the in-phase 

component, i z is the quadrature component, E is the peak

to-peak amplitude of the sine wave, and w is the frequency 
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of the sine wave. 

Both mechanically polished and roughened electrode 

surfaces were investigated in these studies. The procedures 

used to prepare these surfaces were the same as those used 

in the SERS experiments which are listed above. 

Electron Spectroscopy 

Electron Spectroscopic Instrumentation 

The reflection electron energy loss spectroscopy (REELS) 

and x-ray photoelectron spectroscopy (XPS) data were 

collected using a Vacuum Generators ESCALAB MK II electron 

spectrometer (VG) equipped with a concentric hemispherical 

analyzer and a Channeltron electron multiplier. A block 

diagram of the instrument is shown in Figure 2.10. 

Measurements were made in the analysis chamber. Cleaning 

procedures were performed in the sample preparation chamber. 

Samples were loaded into the spectrometer through the fast 

entry lock chamber. The spectrometer is a multi-technique 

instrument with capabilites for performing XPS, Auger 

electron spectroscopy, and ultraviolet photoelectron 

spectroscopy. The primary electron beam used in the REELS 
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Sample Prep F.E.L. Deposition 

Block diagram of electron spectrometer 
and vapor deposition chamber. (F.E.L. 
= fast entry lock) 
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measurements was provided by the Auger electron source. 

The x-ray source consisted of a twin anode which provided 

an Ai Ka line at 1486.6 eV and a Mg Ka line at 1253.6 eV. 

Except for diagnositic use, the Ai Ka line was used 

exclusively in these experiments. 

The instrument was interfaced directly to a DEC LSI PDP-

11/23 minicomputer for data acquisition. The software for 

data treatment was also written and performed on the DEC 

LSI PDP-11/23. All software was written in FORTRAN IV. 

The base pressure in the analysis chamber was 

approximately 10-10 mbar. The instrument was rough pumped 

using mechanical pumps. UHV was achieved using 

turbomolecular pumps supplemented with Ti getter pumps. 

Pressures were measured with ion gauges. 

Materials 

Samples used in these experiments were 0.127 to 0.5 rom 

thick polycrystalline Ai, Cu, Ag, Au, Ti, V, Fe, Co, and Ni 

foils (Alfa Products, ~ 99.7% pure). The exact thicknesses 

and purities of each sample are listed in Table 2.1. The 

foils were secured to stainless steel sample stubs by 

folding the foils around the edges of the stub. The foils 



Table 2.1 - Purity and Thickness Information 
on the Metal Foils Used in the 
REELS Experiments 
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Metal Purity (%) Thickness (rom) 

Al 99.999 0.50 
Cu 99.999 0.25 
Ag 99.999 0.25 
Au 99.999 0.25 
Ti 99.98 0.25 
V 99.7 0.05 
Fe 99.98 0.127 
Co 99.98 0.50 
Ni 99.98 0.127 
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were used as received. 

Pb for the vapor deposition experiments was in the form 

of a rod ca. 0.5 cm in diameter (Johnson-Matthey, 99.99%). 

Sputter/Anneal Cleaning Procedures 

Cleaning of the samples was performed in a chamber 

adjacent to the analysis chamber. The cleaning procedure 

involved Ar+ sputtering (ca. 9 keV, 50 J..LA) with annealing at 

ca. 300 to 500 °C. The samples were turned in the sample 

stage every 15 to 20 minutes to ensure uniform cleaning. 

The sputter/anneal cleaning process was applied until the 

sample met the criteria listed below. 

Au, the cleaning time was ca. 0 • 5 h. 

For the Cu, Ag, and 

The other metals 

required cleaning times ranging from 1 to 2 h. 

Surface cleanliness was monitored in the same analysis 

chamber used for the REELS experiments with XPS using an Al 

Ka source. The 0 1s, C 1s, and Ar 2p peaks were monitored, 

and cleaning was continued until the signal associated with 

these peaks was no longer distinguishable (i.e. SIN < 1 at 

a total collect time of 2.5 s). Cleanliness was checked 

periodically using XPS, and it was found that the Al, Ti, 

V, and Fe samples needed additional cleaning every three to 

four hours; whereas the Cu, Ag, Au, Co, and Ni samples 



remained clean for up to 12 hours. 

metal are given in Appendix A. 

REEL Spectral Acquisition Procedures 
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Survey scans of each 

Collection of REELS data was accomplished using primary 

beam energies ranging from 200 eV to 2000 eV with beam 

currents in the sub-~A region. The absolute resolution of 

each spectrum was determined by measuring the full-width

at-half-maximum (FWHM) of the primary (elastic) peak prior 

to data collection. The FWHM for the various primary beam 

energies ranged from 0.70 eV to 0.75 eVe All spectra were 

collected in the constant analyzer energy mode with a pass 

energy of 10 eVe Spectra were collected over a 500 point 

region at energy increments of either 0.1 eV or 0.2 eV with 

total collection time per point of 1.0 to 2.5 seconds 

depending on the SIN. The entrance and exit slits were set 

in the C1 position which corresponds to oblong slits of 15 

mm by 6 rom dimensions. 

In spectra collected using primary beam energies greater 

than 200 eV, the sample was placed perpendicular to the 

analyzer. The incident electron beam was 35° with respect 

to the surface normal. In the low primary beam energy, 

grazing incidence experiments, the analyzer was ca. 70° with 
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respect to the surface normal, and the incident electron 

beam was ca. 80° with respect to the surface normal. In all 

cases, the data were collected over a 12° solid angle. 

Software used for data treatment is described in 

Appendix D. 

Pb Vapor Deposition Chamber 

The vapor deposition of Pb onto polycrystalline CU and 

Ag was performed in the chamber shown in Figure 2.11. A' 

sample holder attached to the magnetic transfer rod was used 

to stabilize the sample during deposition as well as during 

transport from the deposition to the spectrometer. The 

sample holder consisted of an Al bar ca. 1.5 in x 1 in x 

0.24 in with a hole of ca. 0.3 in. A thin «0.25 mm) piece 

of Mo foil was form-fit into the hole. The Mo foil served 

to make a snug fit for the sample stub. with this 

arrangement, the sample stub could be removed/replaced from 

the hole using the wiggle bars associated with the VG. The 

sample was transferred from the deposition chamber to the 

spectrometer by extending the tranfer rod into the sample 

preparation chamber of the VG and transferring the sample 

to the sample preparation stage using the wiggle bars. 



b 

Figure 2.11: 

d 

Block diagram of the vapor deposition 
chamber. (a = sample preparation 
chamber flange, b = high current 
feedthrough, c = thermocouple 
feedthrough, d = shutter control, e = 
magnetically-coupled linear translator) 
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The deposition chamber was attached to the electron 

spectrometer using a 2 3/4 in flange. The turbomolecular 

pump associated with the fast entry lock on the electron 

spectrometer was used to create a vacuum in the chamber. 

The chamber was baked at ca. 100 0 C for 24 hrs prior to use. 

Pb Vapor Deposition Procedures 

Pb deposition was achieved by subliming Pb onto the 

metal substrate in the chamber described above. Sublimation 

was accomplished by resitively heating the Pb. The Pb 

source consisted of a Pb rod which was mechanically scraped 

on all sides prior to use to reduce the oxidized outer 

layer. Two different filaments were used in these 

experiments for resistive heating; a W basket was used in 

early experiments, and a Ta coil was used in later 

experiments. A small piece (ca. 0.5 cm) of the Pb rod was 

placed in an Al203 crucible (Mathis) which was housed in the 

filament. A chromel-alumel thermocouple was used to monitor 

the source temperature during deposition. The deposition 

temperature was ca. 300 0 C. The thermocouple leads connected 

to leads of an electrical feedthrough on one side of the 

four-way cross. A moveable shield made of Mo foil was used 

to keep the view port on top of the chamber free from Pb. 
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In order to improve the cleanliness of the deposition, the 

walls of the chamber were cooled by placing two fans around 

the outside walls of the chamber. The pressure in the 

deposition chamber during deposition generally ranged from 

10-8 to 10-9 torr. 

The Pb coverages were determined using XPS. The eu 2p, 

Ag 3d, and Pb 4f regions were monitored using the Al Kcz line 

at a pass energy of 50 eV. A calculation based on equations 

developed by Seah and Dench (2.4) was used to determine the 

Pb overlayer thicknesses using the peak areas of the 

overlayer and substrate. These calculations are discussed 

in Appendix B. Peak areas were determined using software 

written for LESSA (laboratory for electron spectroscopy and 

surface analysis) (2.5) which is based on a method developed 

by Shirley (2.6). 

After the XPS data are acquired, REEL spectra are taken 

of the Pb-modified surface. The procedure used to collect 

the REELS data is described above. Determination of the 

optical constants is described in detail in chapter VII. 



CHAPTER III. 

CHARACTERIZATION OF SURFACE ENHANCED RAMAN 

SCATTERING FROM COPPER ELECTRODES 
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This chapter describes the optimization and 

characterization of SERS from pyridine at cu electrodes. 

The purpose of these studies was to determine the following: 

a) the reproducibility of the SERS-active surface, and b) 

SERS properties such as potential dependence and excitation 

behavior of these surfaces. 

Oxidation Reduction Cycles 

Electrochemical Description 

In order to achieve SERS activity at Cu electrodes, the 

surface must be roughened. A standard method used in 

electrochemical systems to roughen electrodes is a procedure 

known as an oxidation-reduction cycle (ORC). In an ORC, the 

electrode is first oxidized to form either a soluble cation 

or a slightly soluble salt which precipitates on the 
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surface. The electrode is then reduced back to its metallic 

state. The topography of the new surface is markedly 

rougher than prior to the ORC. 

The ORC may be performed by scanning the applied 

potential in the positive direction until the desired anodic 

charge is passed, then reversing the scan for the reduction 

step. Alternately, the ORC may be performed by stepping the 

applied potential to a predetermined positive potential, 

holding this potential until a desired amount of anodic 

charge is passed, then stepping the potential back to the 

initial potential for the reduction step. In the cu SERS 

work described here, both methods were evaluated. 

Variations in ORC procedure have been shown to have a 

profound effect on the SERS intensity at Ag electrodes (3.1-

3.5). Using scanning electron microscopy (SEM) , the surface 

topograp~y of electrodes roughened under a variety of 

conditions has been correlated to their corresponding SERS 

response. The results of a study by Tuschel, Pemberton, and 

Cook (3.3) indicate that the potential-step ORC method 

provides a more controlled means of roughening the electrode 

compared to the potential-scan method due to the constant 

rate of electrode oxidation and reduction. This study 

further showed that the size of the roughness features can 
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be controlled through control of the oxidation rate during 

the ORC. Faster rates produce smaller roughness features 

which are well separated; slower rates produce larger, more 

clustered roughness features. 

Potential-Scan Method 

The potential-scan ORC method was used initially to 

investigate the electrochemistry of the roughening process 

at CU electrodes. The cyclic voltammograms (CVs) of scanning 

ORCs of Cu electrodes in 0.1 M KCl/0.05 M pyridine at pH 

conditions of 3.0, 8.6 (natural), and 11.0 are shown in 

Figures 3.1a through c, respectively. During the ORC, Cu 

is oxidized in the following manner (3.6), 

CU + 2Cl- -to CUC12- + e- (3.1) 

CUC12- -+ CuCIJ. + cr. (3.2) 

In very acidic solutions, 2 M HCl, it is reported· (3.7) that 

CU is oxidized by the following, 

Cu + CI- -+ CuCI.!. + e-. (3.3) 

The trends in the CVs shown in Figure 3.1 indicate that as 

the pH increases, the oxidation peak decreases in current. 

This decrease is due to the increased formation of cU20 in 

basic solutions which serves to passivate the electrode 

(3.7) • 
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8.6 (natural), c) 11.0. 
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SERS of pyridine using the potential-scan method to 

roughen the cu electrode was not achieved. Even in acidic 

solution, electrodes roughened by this method did not 

support SERS. The failure to achieve SERS at these 

electrodes is attributed to the poor charge recovery of the 

ORC process. It has been demonstrated that the 

concentration of roughness features at Ag electrodes is 

dependent on the cathodic charge recovery during the ORC 

(3.1). Typically, charge recoveries are greater than 97% 

for Ag electrodes roughened under condi tions similar to 

those used in these experiments. However, the charge 

recovery for cu electrodes was, at best, 85%. 

Potential-step Method 

Due to the failure of the potential-scan ORC method to 

produce SERS at Cu, the potential-step method was employed. 

Chronocoulograms of potential-step ORCs at cu electrodes for 

anodic current densities of 16, 5, and 2 rnA cm-2 are shown 

in Figures 3.2a through c, respectively. These ORCs were 

performed in 0.1 M KC1/0.05 M pyridine at natural pH (ca. 

8.6). By stepping the potential to more positive values, 

larger current densities are achieved. For example, the 

chronocoulogram shown in Figure 3.2a was obtained by 
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stepping the potential to 0.15 V, and the chronocoulogram 

in Figure 3.2c was obtained by stepping the potential to 

0.05 V. In contrast to the potential-scan method, the 

potential-step method was successful in producing SERS 

activity. The success of this method is attributed to the 

increased charge recovery relative to the potential-scan 

method. Charge recoveries of 94% were typically achieved. 

The difference in the charge recovery efficiencies of the 

two methods is attributed to the slight solubility of CuCl 

(Ksp = 1 x 10-7 (3.8». In the potential-scan method, CuCI2-

has time to diffuse away from the electrode before the 

precipi tation step (equation 3.2) takes place. In the 

potential-step method, the reduction step takes less time 

to begin; thus, diffusion of CUC12- is not a problem. 

The effect of anodic current density on the SERS 

intensity of pyridine at Cu electrodes was evaluated. The 

optimal current density was determined to be ca. 5 mA cm-2• 

At current densities less than this, only weak SERS 

intensities were observed. At current densities larger than 

this, strong SERS was observed; however,. the surfaces were 

very heterogeneous, wi th some areas non-SERS active and 

others having very strong SERS-activity. In all of the Cu 

SERS work reported in this dissertation, the Cu electrodes 
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were roughened using the potential-step ORC method at 

current densities of ca. 5 mA cm-2
• 

In order to assess the reproducibility of each 

roughening process, chronocoulograms were recorded for each 

roughened Cu electrode. These chronocoulograms are critical 

in evaluating the SERS activity of the electrode prior to 

the SERS measurement. Minor changes in electrochemical cell 

geometry and solution conditions can slightly alter the 

oxidation potential from experiment to experiment which may 

have a large effect on the oxidation rate. This sensitivity 

of the oxidation rate to step potential magni tude is a 

result of the steep change in anodic current as a function 

of potential illustrated in the CV shown in Figure 3.1b. 

Thus, simply stepping the potential to the same value with 

each experiment does not ensure that the oxidation rate will 

be the same. 

SERS of Pyridine at Cu Electrodes 

comparison of Surface and Bulk Pyridine Spectra 

The Raman spectra of pyridine adsorbed at a CU electrode 

and in bulk form are shown in Figures 3.3a and b, 



Z' .-m 
c: 
(1) 

-+-' 
c: 

a 

b 

250 650 1050 1450 
Wovenumbers (em-') 

1850 

Figure 3.3: Raman spectra of pyridine a) adsorbed at a 
cu electrode poised at -0.70 V and b) bulk 
solution. (Excitation wavelength & 620 nm) 
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Table 3.1 - Peak Frequencies and Relative Intensities 
of the Raman Spectra of Pyridine Adsorbed 
at a eu Electrode and in Neat Solution 

Neat Pyridine eu Electrode 

relative relative 
frequency, cm-1 intensity frequency, cm-1 intensity 

407 0.01 420 0.02 
601 0.04 634 0.21 
648 0.08 
988 1.00 1012 1.00 

1215 0.09 1216 0.17 
1479 0.02 
1577 0.08 1598 0.32 

--- ._-_. , . - .... -
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respectively. Although the spectra are similar, there are 

some notable differences. Table 3.1 lists the peak 

positions and their relative intensities normalized to the 

strongest peak, 1012 cm-1 for the surface species and 988 cm-

1 for the bulk species. The most prominent bands in the 

surface spectrum are located at 634, 1012, 1216, and 1598 

cm-1 • The 634, 1012, and 1598 cm-1 bands are shifted to 

higher energies by 33, 24, and 21 cm-1
, respectively, 

relative to the bulk. Interestingly, the 1216 cm-1 band is 

at the same position as in the bulk. The increase in 

vibrational frequency of these peaks indicates the strong 

interaction of the pyridine with the electrode. 

Additionally, changes in the relative intensities of the 

634, 1216, ~nd 1598 cm-1 peaks indicate differences in the 

cross-sections of these surface vibrations compared to those 

in the bulk. 

Potential Dependence 

In Figure 3.4, the SERS spectra of pyridine at eu 

electrodes acquired with 1064 nm excitation as a function 

of potential are shown. The changes in relative peak 

intensi ties as a function of potential demonstrate the 

surface sensitivity of these spectra. Figure 3.5 shows the 
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normalized SERS intensities of the 634, 1012, 1216, and 1598 

cm-1 bands plotted as a function of potential. The maxima 

in all four SERS-intensity potential profiles occur at the 

same potential, ca. -1.0 V. These results are consistent 

with results reported by Temperini and coworkers (3.9) for 

eu SERS of pyridine under similar conditions obtained with 

647 nm excitation. A notable difference in their results 

and the results reported in this dissertation is the maximum 

in the SERS-intensity potential profiles. Using 647 nm 

excitation, the maximum occurs at ca. -0.70 V, whereas, the 

maximum in the profiles acquired with 1064 nm excitation 

occurs at ca. -1.0 V. This difference is due to the charge 

transfer enhancement mechanism and will be discussed in 

detail in the next chapter. 

Excitation Profile 

In normal Raman scattering, the intensity is directly 

proportional to w
4

, where w = (wo - ws )' Wo is the frequency 

of the excitation and Ws is the vibrational frequency. This 

phenomenon is called the w4 law. The intensities observed 

in SERS, however, deviate from this w4 law. It has been 

demonstrated that the enhancement at eu, Ag, and Au 

continues to increase as the excitation energy is decreased 
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(3.10). These experimental observations have been 

explained by a number of electromagnetic enhancement models 

(3.11) which predict the enhancement to closely follow 

trends in the optical properties of these metals. This 

subject is described in greater detail in Chapter VII. 

The excitation profile of the enhancement of pyridine 

at eu electrodes was experimentally determined using the 

intensity of the SERS response as an indicator of the 

enhancement. The normalized SERS intensity of the v1 ring 

breathing mode of pyridine, represented by the open circles, 

is plotted as a function of the excitation wavelength in 

Figure 3.6. The values are normalized to the intensity 

determined at 720 nm. Note that spectrometer efficiency was 

taken into account in determining these values through the 

use of an internal standard. superimposed on this plot, 

represented by the asterisks, are calculated enhancements 

for pyridine at Cu electrodes determined by Van Duyne 

(3.12). The values plotted in Figure 3.6 indicate that the 

enhancement increases rapidly at longer excitation 

wavelengths, then levels off at ca. 630 nm. However, there 

is a SUbstantial gap in the data between 630 nm and 720 nm. 

Ladouceur and coworkers reported a three-point excitation 

profile for the SERS of pyridine at coldly-deposited eu 
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films (3.13). These results included values at 752, 676, 

and 647 nm. The maximum enhancement was determined to occur 

at 676 nm. Based on these results, the excitation profile 

given in Figure 3.6 is considered misleading. Although at 

the time of these studies, excitation wavelengths between 

630 and 700 nm were not accessible, additional information 

in this energy region is desired in order to get a more 

complete picture of the dependence of the enhancement on 

excitation wavelength. 

SERS of Chloride at CU Electrodes 

At the outset of the studies pursued in this 

dissertation, it was proposed that the SERS of chloride at 

CU electrodes would be investigated in conjunction with that 

of pyridine. One reason for pursuing these studies was to 

learn more about electrolyte effects in the double layer. 

The SERS of different halides at Ag have been studied 

in detail (3.10). At Cu, however, only a few such studies 

have been reported (3.10,3.14). The paucity of research in 

this area is mainly due to the weak signals observed for the 

halide/Cu vibrations compared to the signals observed from 
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The difference in intensity of these 

halide vibrations at the two metals is attributed to their 

dissimilar point of zero charge (pzc) values. The pzc for 

Ag is ca. -1.0 V (3.15). The pzc for Cu is ca. -0.3 V as 

determined by differential capacitance measurements, 

described in Chapter IV. The halides begin to desorb as the 

electrode potential approaches the pzc from positive values. 

Thus, even at the most posi ti ve potentials before Cu 

oxidation, ca. -0.1 V, the chloride adsorption has been 

shown to be minimal relative to the chloride adsorption at 

Ag electrodes at the same potentials. Hupp (3.16) reports 

a near maximum Cl- coverage on roughened Ag electrodes at 

-0.20 V measured by differential capacitance. Horanyi and 

coworkers ( 3 • 17), on the other hand, report ca. 50% Cl

coverage on "copperized" electrodes at -0.20 V measured by 

radiotracer techniques. 

electrodeposited copper 

These "copperized" electrodes are· 

electrodes which have similar 

topographies to the roughened Cu electrodes. 

In Figure 3.7, the SERS of the v(Cu-Cl) vibration is 

shown at -0.15, -0.30, and -0.45 V. At -0.15 V, the v(Cu

Cl) band is strongest: at -0.45 V, it is undetectable. It 

must be noted that although the quality of these spectra is 

considerably worse than the pyridine spectra shown in Figure 
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3.4, these results were the best obtained in these studies. 

Due to the limited sensitivity of the instrumentation used 

in the work reported in this dissertation, SERS 

investigations of chloride at eu electrodes were not 

pursued. 

Summary and Conclusions 

The procedures for obtaining SERS of pyridine at Cu 

electrodes were optimized using a potential-step ORC method. 

The rate of oxidation is critical in achieving reproducible 

SERS at Cu electrodes. The potential dependence of the SERS 

of pyridine at cu electrodes was characterized for four 

different vibrational bands. The trends in the intensity 

of these bands as a function of potential were similar. The 

excitation profile was determined experimentally, and it 

compared well to theoretical profiles calculated by Van 

Duyne. However, it was noted that the addi tional data 

points between 630 and 700 nm are needed to complete the 

profile. Finally, the difficulties in obtaining SERS of 

chloride at eu electrodes were discussed. 
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COMPARISON OF THE SURFACE ENHANCED RAMAN 

SCATTERING ABILITIES OF COPPER AND SILVER ELECTRODES 
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The objective of this chapter is to describe 

investigations of the CT mechanism for the SERS of pyridine 

adsorbed at cu electrodes. Due to the wealth of information 

concerning the contribution of the CT mechanism SERS at Ag, 

a comparative study of cu and Ag was undertaken. The 

results of these investigations along with their 

implications for the differences in SERS at cu and Ag 

electrodes are discussed. 

SERS Intensity-Potential Profiles 

overview of CT Enhancement 

In studying the enhancement associated with SERS, it is 

desirable to separate contributions from EM and CT 

mechanisms. Due to the heterogeneous nature of the SERS

active surfaces, this is often a very difficult task. 

However, in an approach described by Furtak (4.1,4.2) and 
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by Birke and Lombardi (4.3), the presence of CT excitations 

can be probed. This approach is based on the tuning of the 

CT excitation into and out of resonance by changing either 

the Fermi level, Ef , of the metal or the energy of 

excitation as demonstrated in Figure 4.1. In an 

electrochemical experiment, the difference in energy between 

the molecular levels of the adsorbate and Ef of the SERS 

active sites of the metal can be decreased by decreasing the 

applied voltage (i.e. increasing in the negative direction) 

as indicated by the dashed lines in Figure 4.1. 

Additionally, the applied voltage which gives the strongest 

CT excitation will be dependent on the energy of exci ta'tion 

as indicated by the vertical arrows in Figure 4.1. 

Results 

In Figure 4.2, the SERS spectra of the II, ring breathing 

mode of pyridine adsorbed on cu and Ag electrodes, 

respectively, is shown for a variety of applied potentials. 

At the more positive potentials, the peak is centered at 

1012 cm-' for CU and 1010 cm-' for Ag. The peaks shift to 

lower frequency as the potential is made more negative with 

the shift beginning at ca. -0.90 V for both systems. At the 
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the vertical arrow). 
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potentials listed. 
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most negative potential, -1.30 V, the peak has decreased by 

3 cm-1 for both metals. 

In Figure 4.3, the SERS intensity-potential profiles 

for pyridine adsorbed on cu and Ag electrodes are shown. 

In these plots, the normalized SERS intensity of the v 1 ring 

breathing mode of pyridine is plotted as a function of 

applied potential. Both metals exhibit a shift in the peak 

maximum to more negative potentials as the excitation energy 

is decreased. For Cu, the maximum shifts from -0.75 V using 

excitation at 620 nm to -0.90 V with excitation at 720 nm. 

It is difficult to determine the maximum in the results 

obtained with 1064 nm excitation due to the asymmetry in the 

profile at negative potentials. For Ag, the maximum shifts 

from -0.60 V for 580 nm excitation, to -0.67 V for 620 nm 

excitation, to -0.85 V for 720 nm excitation. This shift 

as a function of excitation wavelength is indicative of the 

tuning effect described above. These profiles are in 

agreement with the trends seen by Furtak (4.2) and Birke and 

Lombardi (4.3) for metal-to-adsorbate CT excitations. It 

should be noted that the asymmetry on the negative potential 

side of the 1064 nm profile of Cu is attributed to the 

destruction of the CT sites due to extreme negative 

potentials. This behavior will be further discussed below. 
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The shape of the potential profile for cu is consistent 

wi th work reported by Bunding and coworkers ( 4 .4) under 

similar conditions using an excitation wavelength of 647 nm. 

In this report, it was pointed out that the maximum in the 

potential profile, near -0.76 V, occurred at a potential 

markedly negative of the potential of zero charge (pzc) for 

Cu, ca. -0.25 V (4.5). In the case of Ag, the maxima are 

observed to be nearer the pzc which is estimated to be -1.0 

V (4.6). The position of the maximum at Ag has been 

attributed to the increased coverage of pyridine which 

occurs in the region of the pzc (4.7). However, this 

explanation clearly cannot be applied to the maxima 

determined for Cu if the pzc is located near ca. -0.25 V. 

Determination of the pzc by Differential Capacitance 

The interpretation of the SERS intensity-potential 

profiles is critically dependent on the pzc. However, the 

pzc for CU is not well-established in the literature. For 

example, in 0.1 M KC1, the pzc has been reported to be 

0.59 V in ref. 4.5 and -0.25 V in ref. 4.6. In order to 

better interpret the position and character of the Cu SERS 

intensity-potential profiles, the pzc for CU under the 

conditions used in these experiments was determined using 
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differential capacitance measurements. Those results are 

shown in Figure 4.4. In Figure 4. 4a, the differential 

capacitance results for mechanically polished CU in 0.05 M 

NaF reveal a minimum in the curve at ca. -0.22 V. This 

minimum is indicative of the pzc. The result reported here 

compares well to the value of -0.19 V reported previously 

(4.4) • In Figure 4. 4b, the resul ts for a CU electrode 

roughened in O. 1 M KCl immersed in o. 1 M KCl are shown. The 

minimum is shifted to ca. -0.31 V as predicted when going 

from F-, a non-specifically adsorbed anion, to Cl-, a 

specifically adsorbed anion (the Esin-Markov effect) (4.6). 

The pzc determined for roughened Cu compares well to the 

value reported for the polished surface, -0.25 V (4.6). In 

Figure 4.4c, the results for a CU electrode under the 

conditions used to acquire the SERS spectra are presented. 

The minimum in the capacitance curve is in the same place 

as was determined for the non-pyridine system indicating 

that the pzc is also the same. Although there is nothing 

unexpected in these results, it was, nevertheless, important 

to experimentally validate these pzc values in order to 

better compare the SERS intensity-potential profiles for Cu 

and Ag. 
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A new feature in the capaci tance curve is noted in 

Figure 4.4c at -1.0 V. A similar feature was reported by 

Fleishman and co-workers (4.8) for a roughened Ag electrode 

in 0.05 M pyridine/O.l M KCl. This feature was attributed 

to the desorption of pyridine at potentials negative of the 

pzc on Ag. since the pzc for cu is at ca. -0.31 V, pyridine 

desorption is expected to occur at potentials positive of 

-1.0 V. It is curious that this feature occurs in a similar 

potential region for both the Ag and Cu systems even though 

their pzc values are markedly different. However, at the 

present time, the origin of this feature for Cu and Ag is 

not clear. 

Interpretations 

Based on the location of the pzc for Cu determined by 

differential capacitance measurements, the maxima in the 

SERS intensity-potential profiles for cu shown in Figure 4 .. 3 

cannot be explained by increased adsorption of pyridine. 

Thus, a SERS effect must be responsible for this behavior. 

In comparing the CU and Ag profiles, it is evident that they 

are quite similar in both position of the maxima and 

morphology of the curves. The similarity in the maxima can 

be explained in terms of the energy of the CT bands (Ecr > for 
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pyridine adsorbed on cu and Ag electrodes. Marinyuk and 

coworkers (4.9) determined these energies to be 1.99 eV for 

Ag and 1. 77 eV for Cu. The Eel Ag has also been reported by 

others (4.1): these values range from 1.9 to 2.5 eVe The 

closeness in Eel values for the two metals suggests that the 

applied potential resulting in the strongest CT process for 

both the pyridine/Ag and pyridine/Cu systems would likewise 

be similar as seen in Figure 4.3. Due to the somewhat large 

range in Eel values reported for Ag and the single value 

reported for Cu, these results can only be interpreted in 

a qualitative sense. 

intensity-potential 

Nevertheless, the maxima in the SERS 

profiles can be attributed to the 

contribution of the CT mechanism to the overall SERS in 

these systems. Furthermore, the shape of the profiles is 

ascribed to the tuning effect of the CT process. It is 

interesting to note that the Cu profiles have a full-width

at-half-maximum (FWHM) of ca. 0.60 V while the Ag profiles 

have a FWHM of ca. 0.45 V. This difference suggests that 

the CT sites on Cu are energetically more heterogeneous than 

those on Ag. 
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CT Bands for Pyridine at Cu and Ag Electrodes 

Predictions of contributions from the CT mechanism to 

the overall SERS enhancement can be made based on the energy 

of the lowest unoccupied molecular orbitals (LUMO) with 

respect to Ef of the SERS-active sites in a metal-to

adsorbate CT process, such as pyridine at metal electrodes. 

In Figure 4.1, the tuning effect of changing Ef and the 

excitation energy was illustrated. In order to predict this 

tuning effect, the energetics of the LUMO, or CT band, must 

be known. In the following section, determination of the 

position and width of the CT band with respect to Ef of the 

SERS-active sites is discussed. 

Energy position 

The position of the CT band is defined with respect to 

Ef of the cu active sites which is designated to be 0.0 V 

vs. SCE. The energy corresponding to the strongest CT 

process was defined above as the CT energy, Ecr • This value 

was determined from the maxima obtained from the SERS 

intensity-potential profiles in Figure 4.3. Figure 4.5 

represents the energetic position of the CT band for 

pyridine adsorbed at cu and Ag electrodes with respect to 
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the reference, 0.0 V vs. SCE, as determined from tuning the 

CT process by changing the applied potential. The 

excitation energies of 620 nm (2.00 eV), 720 nm (1.72 nm), 

and 1064 nm (1.16) are represented in Figure 4. 5a by 

vertical arrows, with their lengths corresponding to the 

energy scale listed on the far left of the diagram. The 

base of the arrow begins at the potential of maximum SERS 

intensity from Figure 4. 3a. For example, the maximum in the 

cu profile acquired with 720 nm excitation is -0.90 V; thus, 

the 720 nm arrow in Figure 4.3a begins at 0.90 eV and ends 

at 2.62 eVe The excitation energies of 580 nm (2.14 nm), 

620 (2.00 eV) and 720 nm (1.16) are similarly represented 

in Figure 4.5b for pyridine at Ag electrodes. 

Ideally, the tip of the arrow represents the position 

of the center of the CT band with respect to the reference 

Ef • However, as the excitation wavelength increases, the 

energy at the tip of the arrows decreases. This shift .to 

lower energies with longer excitation wavelengths is 

explained by the destruction of CT sites at more negative 

potentials. Chang and coworkers (4.10) have previously 

shown that adatom sites associated with the CT mechanism on 

Ag electrodes are irreversibly lost when the applied 

potential is cycled to negative potentials. Thus, the 
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maxima in the SERS-intensity potential profiles for metal

to-adsorbate CT processes are influenced by the applied 

potential as well as tuning effects. This point is best 

illustrated by the SERS-intensity potential profile for 

pyridine at cu acquired with 1064 nm excitation shown in 

Figure 4.3a. The morphology of the profile is noticeably 

more asymmetric relative to the profiles acquired with 620 

nm or 720 nm excitation. Additionally, this profile is ca. 

30% larger in intensity at more positive potentials relative 

to the other two profiles. These results suggest that the 

maximum is most likely located.at a potential negative of -

1.0 V, assuming the profile morphology to be similar to the 

620 and 720 nm profiles. 

As a result of the sensitivity of the SERS intensity

potential profiles to the applied potential, the EeT for 

pyridine at Cu was determined from the shortest excitation 

wavelength, 620 nm. For consistency in comparing the CT 

effects of Cu and Ag, the EeT for pyridine at Ag was also 

determined using 620 nm excitation. These EeT values are 

2.75 eV for Cu and 2.70 eV for Ag. 
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Energy Width 

The energy width of the CT band was determined using a 

procedure reported by Furtak (4.1) which is based on the 

following equation, 

~(hw) = (d~E/dVaw)~V, (4.1) 

where ~(hw) is the energy width of the CT band, d~E/dVaw is 

the slope from the plot of the excitation energy versus the 

maximum potential obtained from the SERS intensity-potential 

profiles, and ~V is the FWHM of the SERS intensity-potential 

profiles. Due to double layer effects associated wi th 

specifically adsorbed anions, Furtak used F- as the 

supporting electrolyte in acquisition of the SERS intensi ty

potential profiles to determine d~E/dVaw. He found that at 

Ag electrodes by changing the supporting electrolyte halide, 

the value of d~E/dVaw increased with more strongly adsorbing 

halide. Similar behavior was observed in these studies for 

cu electrodes. At 0.5 M NaF /0.05 M pyridine, d~E/ dVaw = 

1.23 eV/V, and at 0.1 M KCl/0.05 M pyridine, d~E/dVapj:, = 

1.85. The values used to determine these slopes along with 

the corresponding correlation coefficients are given in 

Table 4.1. 

In determining the width of the CT bands for the studies 

described here, d~E/dV8w values determined for the solution 



Table 4.1 - Maxima from SERS Intensity-Potential 
Profiles and the corresponding 
Excitation Energies 

Electrolyte: F" Electrode: CU 
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Excitation Energy (eV) 
1.99 

Profile Maximum (V) 
-0.77 

2.01 -0.75 
2.07 -0.70 

dilE/dV = 1. 23 Corr. Coef. = 0.999 

Electrolyte: Cl" Electrode: CU 

Excitation Energy (eV) 

2.00 
1. 72 
1.16* 

Profile Maximum (V) 

-0.75 
-0.90 
-1.20 

dilE/dV = 1. 85 Corr. Coef. = 0.999 

Electrolyte: Cl" Electrode: Ag 

Excitation Energy (eV) Profile Maximum (V) 

2.14 
2.00 
1. 72 

dilE/dV = 1. 65 Corr. Coef. = 0.998 

-0.60 
-0.67 
-0.85 

* Estimated by fitting profile to a Gaussian distribution 
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condi tions used in these experiments were employed, i • e. O. 1 

M KCl/O. 05 pyridine. These values were chosen because they 

best represent the energetics of the exact systems studied 

as compared to using values determined with F" as the 

supporting electrolyte. 

The dllE/dVapp value determined for Ag in 0.1 M KCl/0.05 

M pyridine is 1.65 eV/V. This value is comparable to the 

value of 2 eV/V determined by Furtak under similar 

conditions (4.1). The values used to determine dllE/dVapp for 

Ag are also given in Table 4.1. 

The IlV value for CU was determined to be 0.6 V, by 

averaging the FWHM values of the SERS intensity-potential 

profiles taken with Cl" electrolyte at 620 and 720 nm. The 

IlV value for Ag was determined to be 0.45 V by averaging the 

FWHM values of the SERS-intensity potential profiles at 580, 

620, and 720 nm. Using Equation 4.1, Il(hw) is calculated 

to be 1.11 eV for cu and 0.74 eV for Ag. 

construction of CT Bands 

In Figure 4.6, the CT bands for pyridine at Cu and Ag 

electrodes are given. The large increase in the width of 

the cu CT band relative to the Ag CT band suggests that the 

cu surface is more heterogeneous compared to Ag as was 
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suggested above from the shapes of the SERS intensi ty

potential profiles. 

SERS Quenching at cu and Ag Electrode::; by UPO Pb 

Ag Results 

In a study previously reported from this laboratory 

(4.11), the effect of excitation energy on the SERS' 

quenching behavior of pyridine and CI- adsorbed on Ag 

electrodes by the UPO of Pb was investigated. Results of 

the quenching effect of UPO Pb on the SERS of pyridine at 

Ag are shown in Figure 4.7 for excitation at 458, 514.5, and 

620 nm. Additionally, results obtained with 720 nm 

excitation have recently been added to supplement the 

previously reported results and are also shown in Figure 

4.7. From the difference in the shapes of the profiles, 

these results suggest that the SERS quenching is extremely 

sensitive to the energy of excitation, since all other 

experimental parameters are held constant in these 

experiments. 

Both EM and CT mechanisms were considered in the 

interpretation of these data (4.11). In terms of an EM 
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enhancement, changes in the optical properties of Pb

modified Ag electrodes are expected based on reflectance 

measurements reported by Kolb (4.12) for the UPD of Pb on 

Ag (111). Using an EM model developed by Murray 

(4. 13) ,theoretical enhancements were calculated for the 

various excitation energies at different Pb coverages. It 

was found that these predictions did not correlate well with 

the observed quenching profiles. EM enhancement predictions 

of the SERS quenching by UPO Pb on Ag and Cu electrodes are 

discussed in detail in Chapter VII. 

In contrast to the EM mechanism, the CT mechanism 

provides an explanation for the observed quenching behavior. 

A CT model for SERS at Pb-modified Ag was proposed (4.11). 

The CT band in this model was constructed from ECT and ~(hw) 

values reported by Furtak (4.1). Since the ~(hw) value used 

in the previous model was that determined using F- as the 

electrolyte, a new CT band was constructed based on the data 

in Cl- in Table 4.1 and is shown in Figure 4.6. Figure 4.8 

illustrates the tuning effects resulting from the use of 

different excitation energies as well as from UPO Pb. The 

CT process is proposed be tuned into and out of resonance 

by the UPO of Pb in a fashion similar to that of changing 

the applied voltage as shown in Figure 4.1. The total 
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tuning is proposed to occur from two additive effects: a) 

the applied voltage is made more negative in order to reduce 

Pb+2 from solution onto the Ag, and b) a decrease of the 

work function of the Ag surface active sites by Pb 

deposition. The change in Ef of the Ag CT sites is 

estimated to be ca. 0.4 eV at one monolayer of Pb. This 

value is based on a 0.3 eV change in the work function 

reported by Kolb (4.14) for Pb vapor deposited on Ag (111) 

and a 0.1 eV change due the applied potential necessary to 

UPO Pb. This value should be considered only a rough 

estimate, since the energy level changes are occurring at 

microscopic si tes whereas work function measurements are 

made on a macroscopic scale. Prior to Pb deposition, the 

electrode is poised at 0.36 V which is indicated by the 

lower dashed lines in Figure 4.8. After deposition of one 

monolayer of Pb, Ef is raised by ca. 0~4 eV indicated by the 

higher dashed lines. 

In accordance with the proposed model shown in Figure 

4.8, the CT SERS process with the excitation of 514.5 nm is 

tuned out of resonance as Pb is deposited. For 458 nm 

excitation, the model predicts the CT process will be tuned 

further out of resonance relative to the CT process at 514.5 

nm exci tat ion • These predictions correlate wi th the 
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quenching trends exhibited by the SERS quenching profiles 

acquired with 458 nm and 514.5 nm excitation shown in 

Figures 4.7a and b. As the excitation energy is decreased 

(e.g. 620 nm excitation), the quenching is predicted to be 

even less. The results for 620 nm excitation shown in 

Figure 4.7c follow this prediction; the quenching is slower 

than was observed at the higher energies. with 720 nm 

excitation, the model predicts the quenching to be similar 

to that observed for 620 nm excitation. However, the 

experimental quenching profile obtained with 720 nm 

excitation shown in Figure 4.7d is similar to the quenching 

profile obtained at 514.5 nm shown in Figure 4. 7b. The 

discrepancy in the prediction for the 720 nm quenching 

profile and the experimentally observed profile is 

attributed to inaccuracies in the EeT and ~(hw) values used 

to construct the CT band for pyridine at Ag. The CT process 

is expected to become less favorable when the excitation 

energy and ECl are mismatched. The model predicts that as 

the excitation energy is decreased past an optimal value 

related to ECl' contribution of the CT mechanism to the 

overall enhancement becomes weaker. Thus, it .is believed 

that the CT process is not moving into strong resonance with 

720 nm excitation as Figure 4.8 predicts. It is not clear 
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from these data, however, if the EeT and/or ~(hw) values used 

to construct the CT band are inaccurate. Based on the 

accurate predictions of the other quenching profiles, these 

values are expected to be close to the actual values. 

Cu Results 

The results of the Pb on Ag work suggest that the CT 

band of a given system can be tracked using the UPD of Pb. 

This approach was employed in order to further investigate 

the SERS of pyridine on Cu. Based on the proposed CT model 

for SERS at Pb-modified Ag, Figure 4.9 shows the predicted 

energetics of the CT process for the SERS of pyridine at cu 

before and after Pb UPD for three excitation energies. 

Prior to Pb depositiofi, the electrode is poised at 0.37 V 

which is indicated by the lower dashed lines in Figure 4.9. 

After deposition of one monolayer of Pb, Ef is' raised by 

ca. 0.5 eV indicated by the higher dashed lines. This value 

results from a combination of a 0.1 eV change due to the 

potential change needed to deposit the first monolayer of 

Pb, and 0.4 eV change in the work function of the Cu as a 

result of Pb deposition. The change in work function is 

based on vacuum deposi tion work reported by Argile and 

coworkers (4.15) for Pb vapor deposited on cu (110) and 
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(111). Again, this change should be considered only a rough 

estimate due to the microscopic nature of the active sites. 

consideration of the models in Figure 4.9 leads to the 

prediction that the quenching profiles for all three 

energies should be similar due to the width of the CT band. 

The quenching behavior is predicted to be slow, similar to 

the quenching profile in Figure 4.7c for 620 nm excitation 

at Ag, since the changes in Ef due to Pb UPO tunes the CT 

process into resonance. 

The Pb quenching profiles determined experimentally for 

cu are shown in Figure 4.10. All three quenching profiles 

are similar. The SERS intensity is only slightly affected 

at Pb coverages between 0.0 and 0.6 ML of Pb. However, in 

contrast to the predictions of the model shown in Figure 

4.9, for coverages greater than 0.6 ML, the intensity falls 

off to values less than 20% of the original intensity at 

0.95 ML. In the profile for 1064 nm excitation, slightly 

greater normalized intensity is noted for fractional Pb 

coverages between 0.6 and 0.8 ML than is observed in the 

profiles for 620 and 720 nm excitation. This difference 

in behavior is presumed to be a manifestation of the fact 

that Pb deposition is predicted to move the CT process into 

resonance for 1064 nm excitation at these Pb coverages as 
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shown in Figure 4.9. 

In contrast to the discrepancy observed at 720 nm 

excitation between the predicted and experimentally observed 

quenching profile for Ag, the CT models constructed for 

pyridine at cu electrodes provide reliable predictions of 

the quenching behavior at the energies investigated. Due 

to limitations associated with using wavelengths less than 

600 nm to obtain Cu SERS, the CT band cannot be completely 

investigated using UPD Pb as was accomplished for Ag SERS. 

These results, however, do indicate that the width of the 

CT band for pyridine at CU electrodes is almost twice that 

of the CT band for pyridine at Ag. 

stability Studies 

Negative Potential Excursion study 

The pyridine SERS intensity-potential profiles shown'in 

Figure 4.3 demonstrate that the SERS from both the 

pyridine/Ag and pyridine/Cu systems exhibit a contribution 

from the CT enhancement mechanism. In order to gain insight 

into differences in the CT sites of the two metals, the 

stability of the these sites was investigated. 
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It was mentioned above that Chang and co-workers (4.10) 

have previously shown that adatom sites associated with the 

CT mechanism on Ag electrodes are irreversibly lost when the 

applied potential is cycled to negative potentials. They 

proposed that adsorbates such as pyridine and the halides 

stabilize adatom sites at potentials positive of the pzc. 

However, at potentials negative of the pzc, the adsorbates 

are less strongly bound allowing the adatoms to migrate and 

become incorporated into the metal lattice. 

An approach similar to the one used by Chang was taken 

in these studies to compare the stability of the CT sites 

for cu and Ag. In these experiments, a SERS spectrum was 

recorded for the v, pyridine ring breathing mode at an 

applied potential of -0.70 V. The potential was then 

stepped to a more negative potential and poised for 1 min. 

The potential was then stepped back to -0.70 V, and a second 

SERS spectrum was recorded. The normalized intensity values 

were then computed as the intensity after the negative 

potential step relative to the intensity befo:r:e the negative 

potential step. These values are plotted in Figure 4.11. 

The -0.70 V reference potential was chosen based on the 

strong SERS from both cu and Ag electrodes at this 

potential. In Figure 4.11, the effect of these negative 
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Figure 4.11: The effect of negative potential excursions 
on the SERS of pyridine adsorbed on Cu (0) and 
Ag (6.) electrodes. The SERS intensity is 
reported for the ring breathing mode taken at 
-0.70 V vs. SCE after a negative potential 
step to the potential indicated on the x-axis. 
(Excitation = 620 nrn) 
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potential excursions on the SERS of pyridine adsorbed at Cu 

and Ag electrodes can be seen. Al though both metals exhibit 

similar behavior, the Cu response is noticeably more stable 

than that from Ag, especially at more negative potentials. 

These data suggest an increased stability of CU adatoms 

relative to Ag adatoms. 

Interpretation of Results 

These results are interesting in light of arguments for 

the destabilization of adatoms on Ag electrodes (4.10, 4.16-

4.18) • It is believed that strongly bound halide and 

pyridine serve to stabilize Ag adatoms at potentials 

positive of the pzc. At potentials negative of the pzc, 

these adsorbates are expected to desorb allowing the adatoms 

to become mobile. On cu, both CI- and pyridine are expected 

to desorb at potentials positive of those used in the 

negative potential excursion experiments, since the pzc is 

at ca. -0.31 V vs. SCE. These results suggest that the 

increased stability of CU adatom sites may be due to very 

strong pyridine/Cl-/Cu complexes. This proposal is further 

supported by the work of Rubim and Sal a (4 • 19,4 .20) on 

Cu(I)/pyridine complexes and pyridine/Cu SERS. These 

researchers showed that the Raman scattering of both systems 
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was similar using 647.1 nm excitation. Furthermore, they 

reported that, although the surface fluorescence of adsorbed 

pyridine on a eu electrode decreases as the applied 

potential is made negative of -0.3 V, the SERS intensity 

increases with a maximum near -1.2 V in 0.1 M KI solution. 

In addition to the electrochemical SERS work ci ted 

above, the increased stability of eu adatoms has also been 

demonstrated for SERS from coldly-deposited films 

(4. 21,4.22) • In these studies, the SERS intensity of' 

pyridine was monitored as a function of substrate 

temperature. As the substrate temperature is increased, the 

SERS from coldly-deposited Ag films is quenched at 

temperatures lower than for coldly-deposited eu films. 

These results were attributed to the loss of atomic scale 

roughness sites due to their increased mobility as the 

substrate temperature is elevated. Otto and co-workers 

(4.23) demonstrated that the activation energy for surface 

rearrangement is approximately proportional to the cohesive 

energy. Thus, the temperatures at which SERS is quenched 

on coldly-deposited films correlate well with the cohesive 

energies for eu and Ag, 3.50 eV/atom and 2.99 eV/atom, 

respectively (4.23). Additionally, the heats of 

vaporization for eu and Ag, 3.17 eV/atom and 2.65 eV/atom, 
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respectively, suggest an increase in surface mobility of Ag 

adatoms relative to Cu adatoms (4.24). 

The results presented in Figure 4.11, along with those 

of other workers cited above, suggest that the CT sites on 

cu electrodes are more stable than those on Ag. This 

increased stability is attributed to: a) increased 

stability of the Cu adatom based on the activation energy 

for surface rearrangement, and b) very strong pyridine/cu 

surface complexes formed at Cu electrodes. 

Effect of Pb+2 Concentration on SERS Quenching Profiles 

One other observation made during the course of this 

investigation is that the SERS quenching at Ag is sensitive 

to the solution Pb+2 concentration, whereas the SERS 

quenching at Cu is not. In Figure 4.12, the SERS quenching 

profiles at Cu and Ag are shown for two Pb+2 concentrations 

acquired with 620 nm excitation. The error bars for these 

measurements for Pb coverages less than 0.7 ML lie within 

the symbols used in each plot. 

The effect of the presence of Pb2+ in solution on the 

SERS from pyridine and Cl- at Ag electrodes was studied 
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Figure 4.12: The effect of Pb+2 concentration on the SERS 
of pyridine adsorbed at a) cu and b) Ag 
electrodes. Solution conditions (0.1 M 
KC1/0.05 M pyridine: 0.11OM Pb+2 = l:1 and 1.0 
10M Pb+2 = O. (Excitation = 620 nm) 
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previously in this laboratory (4.25,4.26). It was observed 

that the SERS from pyridine decreased by ca. 80% in the 

presence of Pb+2 at potentials positive of Pb deposition. 

In contrast, the SERS from CI- was markedly increased under 

these same conditions. These observations were ascribed to 

CI--induced Pb+2 adsorption which would explain the increase 

in the intensity of the v(Ag-CI) band. The decrease in the 

pyridine signal was explained by competitive adsorption 

between the pyridine and Pb+2-chloride complexes at the SERS 

active sites. This competi ti ve adsorption process also 

explains the sensitivity of the SERS quenching at Ag to the 

number of Pb+2 species in solution. 

Based on the Cu results presented above, it is 

reasonable to propose that the cu CT sites are relatively 

unaffected by any cl" -induced Pb+2 adsorption that may be 

occurring. In fact, only a small decrease in SERS intensity 

for pyridine is observed in the presence of Pb+2 in solution 

relative to the absence of Pb+2
• Furthermore, the 

pyridine/cu complexes thought to be responsible for CT 

contributions to the enhancement appear to be unaffected by 

the Pb deposition process for coverages less than 0.6 ML. 

This behavior can be rationalized in terms of the two

dimensional overlayer structure at different fractional Pb 
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coverages. In previous studies on the vapor deposition of 

Pb on single crystal CU substrates (4.15), it was found that 

at 0.5 ML coverage a distinct transition from a one

dimensional overlayer structure (adsorbed atoms in chains) 

to a compact, two-dimensional overlayer structure occurs. 

Assuming that a similar deposition mechanism is operative 

on the cu electrodes used here, this change in the structure 

of the Pb overlayer at ca. 0.5 ML correlates to the onset 

of SERS quenching at Cu. It appears that at Pb coverages 

less than ca. 0.6 ML, the deposited Pb does not affect the 

CU CT sites. At higher coverages, however, the Pb begins 

to form a dense overlayer. The transition to a compact 

o~erlayer is most likely a dynamic surface process involving 

the rearrangement of surface Pb atoms. During this 

rearrangement and the completion of the final compact 

overlayer structure, it is likely that the CU CT sites are 

destroyed contributing to quenching of part of the SERS 

signal. The cyclic voltammetry for UPD of Pb on Cu, shown 

in Figure 4.l3a, exhibits two peaks in the UPD region which 

also suggests a change in the overlayer structure at ca. 0.6 

ML coverage. Interestingly, the cyclic voltammogram of Pb 

UPD on Ag, shown in Figure 4.l3b, displays a small shoulder 

at ca. 0.8 ML coverage where Ag active sites are postulated 
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to be destroyed (4.11). 

The increased resistance of the cu CT sites to Pb 

deposition relative to Ag is believed to be partly due to 

the stronger adsorption of pyridine on cu in the potential 

region where Pb UPO occurs. On Cu, Pb UPO occurs between 

-0.37 and -0.47 V which is near the pzc. On Ag, Pb UPO 

occurs between -0.36 and -0.46 V which is markedly positive 

of the pzc. Additionally, it appears that the pyridine/Cu 

surface complexes associated with the CT process are more 

stable than the analogous Ag complexes based on the negative 

potential excursion results. It is not clear whether the 

Pb preferentially deposits on non-CT Cu sites or whether 

these sites are simply unaffected by the Pb. Supplementary 

work in this area involving the use of UPO of other non-SERS 

active metals is needed in order to fully characterize the 

stability of these Cu CT sites. In particular, the 

application of metals which deposit at potentials negative 

of the UPO of Pb on Cu would be advantageous. 
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Summary and Conclusions 

In summary, the importance of CT enhancement to SERS is 

demonstrated with SERS intensity-potential profiles using 

a variety of excitation energies for pyridine adsorbed at 

both cu and Ag electrodes. Both systems exhibit a shift in 

the potential of maximum intensity toward more negative 

potentials as the excitation energy decreases. These 

results are consistent with an adsorbate-to-metal CT' 

process. The CT model predictions of the SERS quenching 

behavior of pyridine at cu and Ag electrodes by UPD Pb 

compare favorably to the experimentally determined quenching 

profiles. Investigation of the instability of the CT sites 

on the two metals was accomplished through the use of 

negative potential excursions. The results from these 

studies indicate that the CU CT sites are more stable than 

the Ag CT sites. Additionally, it was shown that the SERS 

at Ag' is sensitive to Ph+2 solution concentration while the 

SERS from Cu is unaffected. 

It is proposed that the differences in SERS quenching 

by Pb UPO at CU and Ag electrodes is related to the 

increased width of the Cu CT band relative to that of Ag. 

The difference in these CT bands is postulated to be an 
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increased heterogeneous nature of cu sites as compared to 

Ag sites. Additionally, it is postulated that the cu CT 

sites are resistive to modification at Pb coverages less 

than 0.6 ML due to their increased stability. At higher 

coverages, a dense layer is proposed to form which alters 

the cu CT sites, and hence, initiates the quenching process. 

The question of preferential deposition on non-CT sites at 

Pb coverages less than 0.6 ML was addressed; however, there 

is not enough evidence to unequivocally support this 

proposal. Due to the excitation energy requirements for Cu, 

additional investigations of the pyridine/Cu system are 

limited. However, further work in this area is needed to 

better characterize the CT sites on Cu electrodes using a 

variety of adsorbates. 



CHAPTER V 

METHOD FOR DETERMINING OPTICAL CONSTANSTS 

FROM METAL SYSTEMS USING REFLECTION 

ELECTRON ENERGY LOSS SPECTROSCOPY 
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According to EM theory, the SERS response is strongly 

dictated by the optical properties of the substrate. In 

order to investigate the contribution of the EM mechanism 

to the SERS response of Pb-modified cu and Ag electrodes, 

a method was developed to monitor the changes in the optical 

constants of these surfaces using electron energy loss 

spectroscopy (EELS) in the reflection mode. This chapter 

describes the phenomenological and experimental basis for 

this method. 

Use of EELS to Determine optical Constants 

Transmission EELS 

The measured energy loss spectrum acquired in an EELS 

experiment is a complicated convolution of separate physical 
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phenomena including volume and surface plasmon excitation, 

interband transitions, plural scattering of the incident 

electrons, momentum transfer of the scattered electrons, and 

elastic losses. Therefore, extensive data treatment is 

necessary in order to isolate Im[-l/€] from the experimental 

EEL spectrum. A variety of procedures have been developed 

for isolating the loss function and determining optical 

constants from transmission EELS (TEELS) experiments.(5.1-

5.4) However, a major drawback associated with TEELS 

involves the necessity of transmitting the primary electrons 

through the sample. In terms of instrumentation, a 

transmission electron microscope or a modified electron 

spectrometer is necessary to provide an incident electron 

beam of greater than 10 keV energy. Moreover, the material 

to be studied must be in the form of a thin, free-standing 

film (less than 2000 A) which makes sample preparation non

trivial. This constraint on the sample limits the types of 

samples which can be studied using TEELS. An additional 

drawback to TEELS involves the need for well-defined angular 

collection of the transmitted electrons ,in order to apply 

data treatment procedures, thus introducing more 

sophisticated instrumental requirements. 
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Reflection EELS 

One solution to the limitations discussed above which 

has been successfully demonstrated in the literature (5.5-

5.8) is to perform the EELS experiment in the reflection 

mode. In reflection EELS (REELS), incident electron beam 

energies of less than 3 keV may be employed; thus, standard 

electron spectrometers equipped with Auger electron sources 

can be used. Furthermore, there are no constraints on sample 

thickness rendering any solid sample amenable to study with 

this approach. As will be discussed below, a well-defined 

angular collection of the scattered electrons in REELS 

simplifies the theoretical modeling of the scattering 

events, as has been demonstrated by Diebold and 

coworkers. (5.9) However, it was found in these studies that 

collection over a large solid angle, similar to those used 

in many standard XPS/Auger spectrometers, may also be 

employed. 

In addition to experimental limitations associated with 

TEELS, a second factor motivating the development of REELS 

is that it has been used as a powerful tool for accurate 

background subtraction and quanti tation in electron 

spectroscopy. (5. 10,5.11) This use becomes especially 

attractive when the electron spectroscopic and REELS data 
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can be obtained on one surface under identical vacuum 

conditions. 

Limitations Associated with REELS 

In spite of the potential advantages of REELS, 

limitations do exist. Less theoretical modelling of the 

reflection case has been undertaken compared to the 

transmission case due mainly to the increased complexity of 

the scattering processes which occur in a reflection 

experiment. This point is illustrated in Figure S.l. In 

Figure S.la, a schematic for the electron transmission case 

is shown. As the electrons travel through the solid, they 

undergo a number of scattering events. Assuming the 

scattering events are independent, the electron intensity, 

integrated over energy loss and having a scattering order 

n, is given by (S.4) 

In = IPn = (lin!) (t/A)n exp(-t/A) (S.l) 

where I is the incident-beam current, Pn is the probability 

of n scattering events within the sample of thickness t (the 

Poisson distribution), and A is the inelastic mean free 

path. Thus, the probability for n losses to occur is 

governed by the Poisson distribution. Equations describing 

these processes are well documented. (S.2,S.12-S.l4) 
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b c 

Models for electron scattering. (a) 
Transmission EELS, (b) XPS or AES generated 
electron, (c) reflection EELS. 



155 

A somewhat more complicated situation is shown in 

Figure 5. 1b. Here, the case of an electron generated 

internally by an Auger transition or photon absorption is 

illustrated. At any given depth, the generated electron 

will undergo scattering events similar to those suffered by 

electrons in a TEELS experiment as shown in Figure 5.1a. It 

is important to note that as the x-rays or incident 

electrons penetrate the sample, electrons will be generated 

at various depths. The intensity of emitted electrons of' 

a given energy can be described by the summation of 

intensities of each individual layer. These processes have 

been well documented for the electron spectroscopies. (5.15-

5.18) 

Finally, the REELS experiment is illustrated in Figure 

5.1c. In this case, as the incident electrons penetrate 

into the sample, they may undergo any number of scattering 

events at a variety of depths. As an incident electron 

passes through each layer, it may be elastically or 

inelastically scattered, or it may continue to penetrate to 

the next layer. In this way, the REELS experiment is 

similar to the other two cases described above. An 

important difference, however, is that in order to be 

detected, the electron must change direction and travel back 
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toward the detector. Elastic or backscattering events are 

mainly responsible for this change in direction. (5.17) It 

has been demonstrated experimentally by Schilling (5.19) and 

theoretically by Wang (5.20) that the energy losses 

experienced by the reflected electrons follow the Poisson 

distribution only when the collection angle is very small 

compared to the glancing reflection angles of the electrons. 

In the studies reported in this dissertation, a fairly large 

collection angle was used (12°) in data acquisition. Thus, 

Poisson statistics do not adquately describe the probability 

of multiple losses observed in these studies. 

An additional complicating factor in REELS is related 

to the use of lower energy electron beams and reflection 

conditions. Under these conditions, surface plasmon and 

dispersion effects are more pronounced than in the 

transmission case. Consequently, these effects must be 

taken into account in isolating the loss function in REELS; 

in TEELS, they are often assumed negligible. 

Previous Reported REELS Work 

Despite the progress made in understanding electron 

scattering in reflection experiments, isolation of the 

volume loss function from experimental REELS data has proven 
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very difficult. stefani, Befeno, and Allet (5.21) 

demonstrated the separation of Im[-1/€] and Im[-1/(€ + 1)], 

the surface loss function, in REELS data for Al using 

optical data and dispersion coefficients from the 

literature. The limitation in this approach is the 

necessi ty for a priori optical information. Ohno (5.8) 

reported the determination of optical constants for MOSz 

using a Kramers-Kronig analysis of REELS data. In this 

report, the procedures used to remove the plural scattering 

and surface plasmon contributions were procedures developed 

for TEELS. It was not clear if. these procedures were in any 

way modified for use on REELS data. Additionally, very 

little comparison of these results to optical constants 

reported in the literature was presented. Thus, it is very 

difficult to evaluate this approach. 

Tofterup (5.17,5.18), through theoretical studies, has 

provided some insight into the scattering events associated 

with a REELS experiment. Tougaard and Chorkendorff 

(5.22,5.23) have developed a method for removing plural 

scattering contributions from REELS data based on the 

aforementioned layer model. The plural scattering removal 

step used in the data treatment method described here is 

based on this work. 
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Data Treatment 

overview of Method 

In a REELS experiment, incident electrons may be 

elastically or inelastically scattered from the sample. In 

a free-electron-like metal such as AI, these processes 

result in the excitation of plasmons, interband transitions, 

and a continuum of elastically and inelastically scattered 

electrons. The absorption processes are described by the 

loss function, Im[-I/€]. However, the experimentally 

measured REEL spectrum is more complicated than simply the 

loss function; it is a combination of surface plasmon, 

plural scattering, elastic scattering, and dispersion 

contributions convolved with the loss function. 

Figure 5.2 shows a comparison of Im[-I/€] for Al (5.24) 

and an experimental REEL spectrum. The loss feature at 15.3 

eV in both sets of data is due to volume plasmon (nwp) 

excitation. The feature at 10.4 eV in the REEL spectrum·is 

due to surface plasmon (nw s ) excitation. The loss features 

at 25.5 and 40.6 eV are the result of pl~ral scattering of 

electrons involved in surface plasmon excitation at nnws (n 

= 1,2,3, ..• ). Similarly, the features at 30.6 and 45.9 eV 

represent plural scattering of electrons involved in volume 
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Experimental REEL spectrum for Al taken with 
1500 eV primary beam energy ( ) and the 
loss function, Im[-l/~],. taken from the 
literature (5.24) for Al (- - -). 
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plasmon excitation at nhwp (n = 1,2,3, ••. ). 

The volume plasmon feature at 15.3 eV in the REEL 

spectrum exhibits asymmetry on the high energy side due to 

dispersion. The transfer of momentum by the scattered 

electrons to the excited electrons of the sample produces 

changes in the half-width of the loss feature that are a 

function of the scattering angle. (5.25) This effect must 

also be removed from the experimental loss function in order 

to quantitatively derive the complex dielectric function. 

Isolation of the true loss function involves 

sequentially subj ecting the measured loss function to a 

three step process. The first step removes contributions 

from surface plasmons, the second removes plural scattering 

contributions, and the third eliminates the effects of 

dispersion. Once these three effects have been eliminated, 

the result is subjected to a Kramers-Kronig analysis in 

order to determine the complex dielectric function. A 

detailed description of the software used in this work is 

given in Appendix D. 

Surface Plasmon Removal 

The first step in the data treatment procedure is the 

removal of surface plasmon contributions. The probability 
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of exciting a surface plasmon in a free-electron-like metal 

in vacuum is described by the following relationship (5.26) 

p= (7Te2/21i) (m/(2Eo»'12 (5.2) 

where Eo represents the energy of the primary beam, and e 

and m are the charge and mass of an electron, respectively. 

This relationship predicts an increase in surface plasmon 

excitation probability as Eo decreases. This trend is 

observed experimentally as shown by the data in Figure 5.3 

for AI. The surface plasmon feature at 10.'7 eV increases 

in intensity relative to the volume plasmon as t:he primary 

beam energy is decreased from 2000 eV to 200 eV. In the 

acquisition of the data shown in Figure 5.3e, the surface 

plasmon feature was further enhanced relative to the volume 

plasmon feature by the use of a grazing incident angle in 

the data collected with a primary beam energy of 200 eV. 

The approach taken here to remove surface plasmons is 

based on the deconvolution of data in which the surface 

plasmon dominates (low energy primary beam, grazing incident 

angle) from data in which the surface plasmon is minimal 

(high energy primary beam). Use of an experimental approach 

in which the surface plasmon data for the system of interest 

are obtained minimizes the information required for surface 

plasmon removal. 
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Experimental REEL spectra for Al acquired with 
the following primary beam energies: (a) 
2000 eV, (b) 1500 eV, (c) 1000 eV, (d) 500 
eV, (e) 200 eV (grazing angle). 
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The surface plasmon losses are closely coupled to the 

volume plasmon losses in their energy distribution, 

intensity, and energy loss characteristics. Therefore, 

complete experimental separation of the two is difficult. 

Ohno (5.8) used repeated applications of a Kramers-Kronig 

analysis to the experimentally obtained loss function of 

MoS2 in order to isolate the surface losses from the bulk 

losses. This approach, described by Egerton (5.4), has been 

applied to TEELS data. Due to the lack of discussion 

concerning the adaptation of this method to REELS, it is 

difficult to assess its usefulness. 

A simple subtractive method for separation of Im[-l/e] 

and Im[-l/(e + 1)] using optical constants and dispersion 

coefficients from the literature has been used by Stefani, 

Befeno, and Al1et (5.21) for A1 and Si. For systems for 

which this information is available, their approach is a 

viable alternative for removal of surface plasmon 

contributions. However, their method is limited to systems 

where volume and surface effects are well-separated in 

energy. Moreover, their approach can only be applied to the 

first volume and surface plasmon. For complicated loss 

structures such as those exhibited by the transition metals, 

it is difficult to separate multiple loss effects, surface 
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contributions from overlapping interband transitions, and 

the inelastic/elastic continuum background. Furthermore, 

it should be recognized that any subsurface electron, 

regardless of its internal source, is subject to loss of 

energy to surface effects. Thus, the observed surface 

effects are a measured response to the volume excitation 

profile, and represent more than a simple summation of 

volume and surface effects. A deconvolution method provides 

a more accurate representation of the relationship between 

the volume and surface responses, and hence, its use is 

justified. However, the deconvolution approach used to 

model surface plasmon behavior of high primary beam energy 

data using low primary beam energy data is not without 

limitations, because the spectral response is sensitive to 

the energy and angle of the primary beam as illustrated in 

Figure 5.3. 

Despite these limitations, removal of the surface 

plasmon contributions to REELS data measured with high 

primary beam energy is accomplished by deconvolution of an 

additional REEL spectrum acquired under conditions where the 

surface plasmon dominates. It is evident that the magnitude 

of the surface effects recorded under these different 

conditions are not equivalent to those observed in the 
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original spectrum; these differences must be accounted for. 

This is accomplished by empirically scaling the surface 

plasmon response to match that of the original REELS data 

before deconvolution. While it is possible to scale the 

surface peak sufficiently so that all of the surface effects 

can be eliminated, we have found a practical limit to the 

amount removed before distortions in the final spectrum 

occur. Thes~ distortions are due to differences in lineshape 

of the two surface spectra as discussed below. Furthermore, 

removal of the surface plasmon by this method results in 

partial removal of the volume plasmon feature as well. ~ 

effect of dispersion on the spectral response must also be 

considered as it is not the same at different primary beam 

energies. The surface plasmon contribution, therefore, is 

not completely modelled experimentally. In these studies, 

the contributi~n of dispersion to the surface plasmon loss 

feature is assumed to be negligible. This assumption is 

based on the limited contribution of the surface plasmon 

loss feature to the spectral response of data taken at high 

primary beam energies ( > 1 keV). 

Figure 5.4 shows the effect of the surface plasmon 

treatment on the REEL spectrum of A!. Figure 5. 4a shows the 

REEL spectrum acquired with 1500 eV primary beam energy. 
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Figure 5.4b shows the surface plasmon data acquired with a 

primary beam energy of 200 eV at a grazing incident angle. 

In order to determine the scaling factor to be used in the 

deconvolution, a ratio of the peak areas associated with the 

surface loss features in Figures 5.4a and 5.4b was 

determined (Area1500ev/Areazooev :::: 0.5). The REEL spectrum of 

Al in which the surface plasmon contribution has been 

deconvolved (spectrum a divided by scaled spectrum b in the 

Fourier domain, scaling factor = 0.5) is shown in Figure 

5.4c. As these data demonstrate, this approach successfully 

minimizes, although does not completely eliminate, the 

surface plasmon contribution to the REEL spectrum. Note that 

both the volume plasmon contributions and the dispersion 

differences are less significant when the surface plasmon 

contributions are minimized in the higher primary beam 

energy data. 

Plural scattering Removal 

The next step in the data treatment is removal of the 

plural scattering. Plural scattering denotes multiple 

energy transfer events of an electron as it passes through 

the sample. In a REELS experiment, the observed energy loss 

function is the result of a combination of these scattering 



168 

processes which occur successively as electrons leave the 

solid. However, for quantitative determination of the 

dielectric function of a material, the energy loss function 

of a single scattering process is required. Various 

procedures have been established for the removal of plural 

scattering in TEELS (5.27-5.30). The approach taken here 

was strongly influenced by methods developed by Tougaard 

(5.22,5.23) and is similar to the method· used for surface 

plasmon removal. It is assumed that each multiple volume 

loss represents the response of the solid to a previous 

event, i.e. the third loss depends on the second, the second 

loss on the first, and so on. To remove multiple loss 

effects, the loss spectrum with the primary peak is 

deconvolved from the same spectrum after the primary peak 

has been removed. It is assumed in this model that the 

relationship of the primary peak to the 'subsequent 

multi scattered volume plasmon peaks, i.e. n~wp (n = 

1,2,3, •.. ), is similar to the relationship of the single 

scattered volume plasmon peak (n = 1) to the mu1tiscattered 

peaks (n = 2,3,4 ... ). Since this method uses essentially 

the same spectrum for the deconvolution, it has the 

advantage of uniquely describing the plural scattering 

occurring under a given set of conditions. However, the 
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physical processes involved in elastic and inelastic 

scattering of electrons are very different. Therefore, the 

intensity and lineshape of the externally generated primary 

peak are not identical to those associated with internal 

inelastic scattering events. This method does, however, 

accurately reflect the proper energy spacing between the 

primary and single scattering peak, a necessary prerequisite 

for the deconvolution process. 

The first step in the removal of multiple scattering' 

involves removing the primary peak. The resulting function 

for Al taken with a primary beam energy of 1500 eV is shown 

in Figure 5.5a. Figure 5.5b is the same function for Al 

with the primary peak present. Next, both spectra are 

transformed into Fourier space for deconvolution. After the 

deconvolution process is complete, the final result is 

inverse transformed as shown in Figure 5.5c. Comparison of 

the loss functions before and after plural scattering 

removal (Figures 5.5a and 5.5c) shows that the volume peaks 

due to plural scattering events are minimized. Similar 

results for plural scattering removal from REELS data for 

Al were reported by Tougaard and Chorkendorff.(5.22,5.23) 
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Dispersion Removal 

The third step in the data treatment is elimination of 

dispersion contributions. These effects occur as a result 

of the transfer of momentum from the scattered electrons to 

the sample during loss processes. As has been shown by 

Ferrell (5.31) for the transmission case, the transferred 

momentum is dependent on the scattering angle, 9. The 

angle-dependent energy loss for plasmon excitation is 

described by the following 

~E(9) = fzw(9) (5.3) 

= fzwp + 6EfEo(S2.+ S/)/(5fzwp) -

2 2 2 3 6[EfEo(9 +9E )] j[35(fzwp) ] + 

2 2 2 [Eo(9 + 9 E )] / (2fzwp) 

where Ef is the Fermi energy and 9E = nwp/2Eo. The scatter-

angle-dependent differential cross section for the 

excitation of a volume plasmon is described by 

for S < Sc (5.4) 

where a o is the Bohr radius, n is the average electron 

density, and G-1 (9) has a value of unity at small 9 values 

and rapidly decreases to zero as 9 approaches 9 c • (5.31) 

From equations 5.3 and 5.4, it is apparent that the 

dispersion effects can be isolated by using a very small 

collection angle. Alternately, the dispersion contribution 
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to the REEL spectra can be obtained by averaging over 

scattering angles < ec • This is accomplished by plotting 

the angle-dependent differential cross-sections, aCe), as 

a function of the angle-dependent energy loss, 6Ece), as 

shown in Figure 5.6 for Al at primary beam energies ranging 

from 200 to 1500 eV. The results show that dispersion 

contributions to the spectral response are much more 

pronounced for lower primary beam energies. Similar results 

were reported by Bayat-Mokhtari, Barlow, and Gallon (5.32) 

for Sn using primary beam energies from 1 keV to 100 eV. 

For the results presented in these studies, a large 

collection angle (12°) was used allowing REELS data to be 

collected over all significant scatter angles, e < e c • The 

procedure used to remove the dispersion contribution was to 

generate aCe) as a function of 6E(e) for the appropriate 

primary beam energy and deconvolve this function from the 

volume plasmon peak corrected for surface plasmon and plural 

scattering contributions. The resulting function is the 

true loss function, Im[-l/€], which is used to calculate the 

complex dielectric function. In order to employ equations 

5.3 and 5.4, values for Ef and wp must be obtained. In the 

case of AI, these values were taken from the literature 

(5.14); however, for other metals, the Fermi energy can be 
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Figure 5.6: Theoretical dispersion curves for Al with 
primary beam energies ranging from 1500 eV to 
200 eV and their effect on the shape of the 
volume plasmon peak. Literature, no 
dispersion { ),1500 eV ( •••••• ), 1000 ev 
( ), 500 eV (- - - -), 200 eV (~~) 
(Pb on eu). 
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measured using ultraviolet photoelectron spectroscopy, and 

the volume plasmon frequency is obtained in the collection 

of the REELS data. 

Results for the removal of dispersion contributions are 

shown in Figure 5.7 in which the treated loss functions 

taken at 1500 eV and 500 eV are compared. The dashed lines 

represent the treated loss function with dispersion effects 

present, and the solid lines represent the treated loss 

function with dispersion effects removed. These results are 

similar to those reported by Tougaard for Ag (5.33) who used 

a method developed by Lindhard (5.34) describing the 

probability of an electron transferring energy and momentum 

to the electron gas as it passes through a solid. As 

predicted by theory, dispersion contributions to the loss 

function taken with a primary beam energy of 1500 eV (Figure 

5.7a) are,significantly less than those to the loss function 

taken with 500 eV (Figure 5.7b). These results suggest the 

effects of dispersion can be experimentally minimized 

through the use of high primary beam energy. The dielectric 

constant results presented later in this report also support 

this proposal. 
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Figure 5.7:- Result of dispersion removal for data taken 
with primary beam enerqies of (a) 1500 eV 
and (b)500 eV: dispersion removed ( ), 
dispersion present (- - -). 
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Kramers-Kronig Analysis 

The final step in the data treatment is the Kramers

Kronig analysis (5.2,5.4,5.35,5.36) of the isolated loss 

function to generate the real and imaginary parts of the 

complex dielectric function. Kramers-Kronig relationships 

are used to determine the real part of a complex response 

function from its imaginary part. These relationships are 

based on the causal nature of the frequency-dependent 

dielectric function of the energy loss process. 

The real part of the complex dielectric function, 

Re[l/f], is related to the imaginary part over the whole 

energy spectrum by the following equation (5.4,5.35»: 

Re[l/f(E)] = 1 - 2/~ @fIm[-l/f(E)] EI/(EI 2 - E2) dEl (5.4) 

where @ is the Cauchy principal part of the integral, which 

avoids the pole at E = El, and the limits of the integral 

are from zero to infinity. In Equation 5.4, EI/(EI 2 - E2) 

serves as a weighting function which causes 1 - Re[l/e] to 

resemble the differential of Im[-l/e]. Due to the finite 

energy region in which the data are collected, Im[-l/f] must 

be scaled to account for the limited energy values over 

which Equation 5.4 can be integrated. Im[-l/f] is scaled 

by setting E = 0 in Equation 5.4 to obtain the following: 

1 - Re[l/f(O)] = 2/~ fIm[-l/f(O)] l/E dE. (5.5) 
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This procedure is known as the Kramers-Kronig sum rule 

(5.4). For metals, Re[1/e(0)] = 0; thus, the right side 

Equation 5.5 is equal to unity. Thus, Im[-1/e] is 

normalized. 

In addition to normalizing Im[-1/e], the low energy 

region of the isolated loss function is extrapolated to zero 

at zero energy loss prior to the Kramers-Kronig analysis. 

The extrapolation is accomplished by fitting the data in 

this energy region to a Drude model (5.4,5.37), 

(5.6) 

where Ep is the energy of the volume plasmon, and 1 is the 

mean free collision time which is estimated to be 10.14 sec 

for electrons in metals. Once this extrapolation has been 

performed, the loss function is then subject to a Kramers-

Kronig analysis. A Fourier series method developed by 

Johnson (5.36) was employed. The dielectric function 

results will be discussed below. 

Optical Property Results 

The objective of this research is to develop a method 

for determining the optical constants of metals using REELS. 
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Al was chosen to test the proposed method, because its EEL 

spectrum is easily interpreted due to its free-electron 

character. The optical constant results obtained for Al 

using primary beam energies of 1500 eV, 1000 eV, and 500 eV 

are discussed and compared to results reported by Shiles and 

coworkers (5.24) determined using reflectance measurements. 

Loss Function Results 

In Figure 5.8, the loss functions for Al determined from 

the REELS data are shown (Figures 5.8a, 5.8b, 5.8c) along 

with the literature loss functions (5.24) which are 

represented by the dashed lines. In Figures 5.8a, 5 .. 8b, and 

5.8c, the loss functions determined before dispersion 

removal (thick, solid lines) and after (thin, solid lines) 

are presented. comparison of the three experimentally

determined loss functions to that from the literature 

indicates that the curves are very similar. A noticeable 

broadening of the volume plasmon peak centered at 15.3 eV 

is observed in the experimental loss functions. 

Thetheoretical loss width for Al is 0.5 eV.(3) The 

experimental loss width in the 1500 eV results, which has 

been corrected for dispersion, is 1.6 eVe Sources of this 

broadening include the finite width of the excitation source 
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(FWHM = 0.75 eV), spectrometer resolution (0.2 eV), and 

surface roughness associated with the sputter/anneal 

cleaning procedures. As the primary beam energy is 

decreased from 1500 eV to 500 eV, the loss width increases 

by 0.2 eV. This increase is attributed to the decrease in 

penetration depth of the lower energy electrons which 

results in an increased sensitivity to surface roughness. 

Addi tionally, in the Kramers-Kronig analysis, the total area 

under the loss function curves is normalized to unity. 

Thus, the small spectral feature at ca. 30 eV in the 

experimental results accounts for an ca. 20% decrease of the 

peak area associated with the volume plasmon peak. By 

accounting for this feature in the peak area measurements, 

it was found that the peak areas associated with the 

experimental plasmon loss are the same as the literature 

peak area (within 1%). Thus, a consequence of the 

broadening and decrease in peak area of the volume plasmon 

feature is a decrease in the Im[-l/€) values at the volume 

plasmon energy by a factor of ca. 2.5 in comparison to the 

literature values. 

A rising background is also noticeable at higher loss 

energies. There are three possible explanations for this 

rising background. One explanation involves the function 
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As discussed 

earlier, it is assumed that the relationship of the 

elastically scattered peak to the inelastically scattered 

peaks in the spectrum is similar to the relationship of the 

single scattered peak to the plural scattering peaks in the 

same spectrum. This assumption is not fully valid, since 

the energy distribution of elastic and inelastic electrons 

is different. A consequence of this problem is the rising 

background at energies larger than nwp' This problem may be 

minimized through scaling of the model function prior to 

deconvolution. Some work in this laboratory has been done 

in linearly scaling the model function. It was found that, 

al though some improvement was observed in the removal of the 

plural scattering contribution, the background remained a 

problem. 

The second explanation for the rising background 

involves the method used for removal of surface plasmon 

contributions. Dispersion affects the spectral response of 

both the surface plasmon and the volume plasmon. These 

dispersion effects, as mentioned above, were not taken into 

account in the surface plasmon removal procedure. However, 

the use of primary beams of sUfficient energy ( > 1 keV) 

makes the surface plasmon contribution to the spectral 
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response fairly small. Thus, in terms of the deconvolution 

procedure, the difference in dispersion effects between the 

low energy data used in the surface plasmon removal and the 

high energy data is assumed to be negligible. 

A third explanation for the rising background is the 

continuum of inelastically scattered primary electrons on 

which the REELS data are superimposed. Thus, spectra 

collected with different primary beam energies have unique 

backgrounds associated with this continuum. ' Differences in 

background in the spectra used for deconvolution during 

surface plasmon removal were not taken into account and may 

contribute to the rising background. However, it is again 

assumed that the use of primary beams of sufficient energy 

to minimize the surface plasmon contribution will result in 

negligible differences in background associated with the 

continuum of inelastically scattered electrons.' 

Although all three explanations probably contribute 

finitely to the production of the rising background, the 

first effect is most likely the major contributor. Upon 

closer examination of the three experimentally determined 

loss functions, the 1500 eV loss function appears to be 

least affected by the rising background. This observation 

is consistent with all three explanations given above. 
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One further point regarding the three experimentally

determined spectra is important to note. Dispersion effects 

are least apparent in the 1500 eV loss function. Moreover, 

for all three loss functions treated for dispersion, the 

Im[-l/€] values are negative in a small region on the high 

energy side of the volume plasmon peak. These negative Im[-

1/€] values are obviously not physically real. (5.38) Thus, 

if attempts to remove dispersion effects are to be 

undertaken during data treatment, improvements must be made' 

in the procedure to eliminate this problem. 

Dielectric Constant Results 

In Figure 5.9, the real part of the dielectric constant, 

€" calculated from the REELS data taken with 1500, 1000, 

and 500 eV is shown in Figures 5. 9a, 5. 9b, and 5. 9c, 

respectively, along with values from the literature (5.24) 

(dashed lines). The thick, solid lines represent the 

results before dispersion removal, and the thin, solid lines 

represent the results after dispersion removal. Comparison 

of the values of €, obtained from the REELS experiment and 

the literature indicates that both the structure of the 

curves and the absolute values are very similar. Moreover, 

in all cases, €, goes from negative to positive values at an 
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energy corresponding to the volume plasmon energy, 15.3 eV, 

which is indicative of successful removal of the surface 

plasmon contribution. 

Noticeable is a small discrepancy between experimental 

and literature E, values at energies lower than 2.5 eV which 

is a result of the broadening of the primary peak. This 

broadening requires extrapolations to be made in the 0 to 

2.5 eV energy loss region. Consequently, information 

obtained in this energy region is less reliable than at 

higher energies. Additionally, the Kramers-Kronig analysis 

has an increased sensitivity. to error in the low energy 

region. (5.35) Thus, inaccuracies in the complex dielectric 

function calculations will be amplified in the lower energy 

region. 

A small feature in all three E, curves calculated from 

the experimental REELS data is noticeable and is attributed 

to the rising background in the loss functions also seen in 

Figure 5.8. 

Examination of the E, values in Figure 5.9 leads one to 

conclude that all three sets of results compare well to the 

literature E, values. At energies greater than 3 eV, the 

relative experimental error is ca. ± 3 %. However, at 

energies less than 3 eV, the 1500 eV data compare the best 
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This suggests that the 

extrapolation procedures are better suited for data taken 

with higher primary beam energies. 

The imaginary part of the dielectric constant, E2 , 

calculated from the REELS data is shown in Figure 5.10 along 

with E2 values from the literature (5.24) (dashed lines). 

As before, the thick, solid lines indicate the results 

before dispersion removal, and the thin, solid lines 

represent the results after dispersion removal. Comparison 

of the E2 values shows that the structures of the curves as 

well as the numerical values are very similar. In contrast 

to the E, values, there are few discrepancies in magnitude 

between the experimental and literature E2 values at 

energies less than 3 eV. Only the 500 eV results show some 

noticeable differences. 

A pronounced feature is present at higher energies in 

all experimental E2 curves and is again attributed to the 

rising background in the loss function. Due to the direct 

relationship between €2 and Im[-l/€], this feature is more 

pronounced in the E2 curves. 

Examination of the three €2 curves calculated from the 

REELS data indicates that although all three sets of results 

compare well to the literature values, the results acquired 
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with 1500 eV primary beam energy again appear to compare 

the best to the literature €2 values. The anomalous high

energy feature in the 1500 eV curve is noticeably smaller 

than in the 1000 eV or 500 eV curves. 

Summary and Conclusions 

optical constants for Al have been determined using 

REELS data acquired with a variety of primary beam energies. 

A method for the data treatment of REEL spectra was proposed 

and described in detail. Based on the results presented 

above, it can be concluded that reasonably accurate optical 

constants for Al can be obtained using REELS with a primary 

beam energy of 1500 eV. For primary beam energies less than 

1500 eV, the proposed data treatment method is somewhat 

suspect. This observation is a result of the increase in 

surface plasmon and dispersion contribution to the spectral 

response along with the increased background problem 

associated with the plural scattering removal procedures as 

the energy of the incident beam is decreased. Data 

reduction of results taken with energies larger than 1500 

eV was also performed; no additional improvement in the 
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results was found using a higher primary beam energy. Thus, 

the proposed data treatment appears applicable at energies 

greater than 1500 eV for AI. 

The results presented above also suggest that dispersion 

effects for a free-electron-like metal can be minimized 

experimentally using primary beam energies greater than 1500 

eVe Further investigations must be performed, however, to 

determine how significant the role of dispersion effects is 

in the REEL spectral response of other metals. 

results will be discussed in the next chapter. 

These 
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The general applicability of the data treatment method 

for determining optical constants from REELS data described 

in the previous chapter is assessed. The noble metals and' 

selected first row transition metals were chosen for this 

evaluation. 

The noble metals were chosen to test the data treatment 

method for two reasons. First, the optical properties of 

the noble metals are well documented. Consequently, these 

results can be compared to values from the literature in 

order to evaluate the method. 

Secondly, the goal of this research is to develop a 

method which is generally useful for any metal system. 

Although this method was demonstrated to be successful in 

determining the optical properties of Al, a free-electron 

metal, it is important to evaluate it on metals which behave 

less like ideal, free-electron metals. 
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The selection of the first row transition metals for 

assessment of the REELS data treatment method was based on 

the more complicated electronic structure of these metals 

in comparison to the electronic structure of Al and the 

noble metals. Only those metals readily available in the 

form of foils were used in this study, since its purpose was 

to further evaluate the data treatment method. 

Electronic Characteristics of Test Metals 

Noble Metals 

The optical properties of the noble metals, Cu, Ag, and 

AU, are comprised of both free and bound electron 

contributions. In these metals, the sand p bands are 

strongly hybridized resulting in a large free-electron 

contribution to their electronic structure. Hence, the. s

p electrons can be treated as free-electron-like in a manner 

similar to AI. However, the d bands in the noble metals are 

2 to 4 eV below the Fermi level resulting in an additional 

bound electron contribution which is manifest as interband 

transitions. In Ag, the top of the d-band is 3.85 eV below 

the Fermi level, and in Cu and AU, the d-bands are 2.1 and 
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Thus, Ag 

demonstrates free-electron behavior at energies less than 

ca. 4 eV. CU and Au demonstrate free-electron character at 

energies less than ca. 2 eV. At greater energies, the loss 

functions consist of interband transitions superimposed on 

the free-electron loss features. Consequently, the loss 

functions for these metals are more complicated than for AI. 

First Row Transition Metals 

The electronic structure of the first row transition 

metals is also complicated. The intersection of the Fermi 

level with the d-bands of these metals renders assessment 

of the free electron contribution to the optical properties 

difficult. Furthermore, the 4s and 3d wave functions in the 

first row transition metals overlap in the solid state which 

makes definitive assignment of the band transitions 

troublesome. Consequently, disagreement exists in 

assignment of the various peaks observed in the experimental 

EEL spectra. 
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Removal of Surface Plasmon contributions 

Influence of Surface Effects 

Due to the electronic character of the less free

electron-like metals such as transition metals, it is 

difficult to determine the contribution of surface plasmons 

to experimentally determined loss spectra, as will be 

demonstrated below. Nevertheless, surface effects do have 

an impact on the dielectric constants determined from these 

spectra. In particular, the morphology of the plots of the 

real and imaginary parts of the dielectric constant, €, and 

€2' respectively, versus loss energy are shifted to lower 

energies when the surface plasmon contribution is not 

removed. For example, Figure 6.1 shows the €, and €2 values 

for cu determined using (dashed lines) and omitting (solid 

lines) the surface plasmon removal step which demonstrates 

the shift in the values to lower energies. Thus, surface 

plasmon contributions to REELS data cannot be ignored. 

Scaling Factor Considerations 

As discussed in Chapter V, the empirical approach used 

to remove surface effects requires an adjustable parameter. 

In this removal step, the surface plasmon feature in the 
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model function (low energy, grazing angle data) is scaled 

using a scaling factor (SF) to match the surface plasmon 

feature in the spectrum of interest (1500 eV data). For the 

case of AI, this SF was estimated by taking peak area ratios 

of the surface plasmon features in the 200 eV and the higher 

energy data. This approach, however, is not applicable to 

metals such as the transition metals, whose loss spectra do 

not exhibit well-defined surface plasmon features. Thus, 

an alternate approach was necessary for determining the SF 

used in the surface plasmon deconvolution step for all other 

metals studied except Ag. Due to the free-electron-like 

electronic character of Ag at energies near the surface and 

volume plasmon energies, the SF can be estimated from peak 

area ratios in a manner similar to the Al case. 

The procedure used to determine the SF for CU and Au 

was base~ on €, values found in the literature. (6.8,6.12) 

It is known that the point at which €1 goes from negative to 

positive values corresponds to the energy of the volume 

plasmon. The SF was determined by a "trial-and-error" 

method which involved testing different scaling factors in 

order to match the €, = 0 energy to the volume plasmon 

energy for Cu (Au). For metals in which the surface plasmon 

feature is well-defined, the correct SF is easily obtained. 
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For systems in which the surface plasmon contribution is 

poorly defined, e.g. eu, accurate determination of the SF 

is more difficult. 

This "trial-and-error" approach could not be used for 

the first row transition metals, since there is substantial 

disagreement in the literature concerning the optical 

constants of these metals. Thus, an alternate approach was 

taken based on inelastic mean free path (IMFP) calculations. 

The relative contribution of the surface excitations to the 

REELS data acquired with the different primary beams, and 

hence the appropriate SF, can be approximated by using the 

distance that an electron can travel at the two energies 

before collision as embodied in the IMFP. The SF is 

determined by taking the ratio of the IMFP at 200 eV to the 

IMFP at 1500 eV. Addi tionally , the IMFP values must be 

corrected for angle of scattering with respect to the 

surface normal. This correction is made by multiplying the 

IMFP value by cosO, where 0 is the angle of scattering with 

respect to the surface normal (6.1), o· for the 1500 eV 

primary beam energy and 30· for the 200 eV primary beam. 

Two methods for IMFP determination were considered. The 

following equations developed by Seah and Dench (6.1) were 

employed to determine the IMFP values: 
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538 
Am = 

E2 
+ 0.41(aE) 1/2 (6.1) 

A 
a3 = (6.2) 

pnN 

where Am is the IMFP in monolayers, E is the kinetic energy, 

a is the monolayer thickness, A is the atomic weight, p is 

the bulk density, n is the number of atoms in the molecule, 

and N is Avogadro's number. The SF values determined from 

these equations are listed in Table 6.1. At the relatively' 

large primary beam energies used in this work, the first 

term in Equation 6.1 becomes negligible. Thus, the second 

term, 0.41 (aE) 1/2, dictates the IMFP. An appropriate SF 

based on these formalisms therefore becomes 

SF = (200 ~V)1/2cosO/(1500ev)1/2 cosO. (6.3) 

Using this approach, the SF calculated for all five metals 

is 0.32. This result suggests that the IMFP values 

calculated from the above equations are insensitive to 

material specific properties. This observation is not 

surprising due to the lack of material-spacific 

considerations in Equations 6.1 and 6.2. 

An alternate set of IMFP values reported by Tanuma, 

Powell and Penn (6.2) were also employed. In the 

determination of these values, optical data and the 
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Table 6.1 - Surface Plasmon Scaling Factors Based 
on Seah and Dench Formalism (6.1) 

Metal ~.,cos8 (1500 eV) lmcos8 (200 eV) SF 

Ti 8.10 2.57 0.32 
V 7.78 2.47 0.32 
Fe 7.58 2.41 0.32 
Co 7.48 2.38 0.32 
Ni 7.48 2.37 0.32 

cu 7.57 2.41 0.32 
Ag 8.05 2.55 0.32 
Au ·8.05 2.55 0.32 
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theoretical Lindhard dielectric functions of the metals were 

taken into consideration. Table 6.2 list the IMFPs for 1500 

eV and 200 eV electrons obtained from Tanuma, Powell and 

Penn (6.2), corrected for scatter angle, along wi th the 

calculated SF values. These results give a range in SF 

values from 0.20 to 0.25 which are similar in magnitude to 

those values determined using the Seah and Dench formalism. 

Additionally, the SF values for Cu, Ag, and Au predicted 

using these IMFP calculations are similar to those 

determined by other means (peak area ratios and "trial-and

error" method) as shown in. Table 6.3. However, this 

comparison indicates that an even better approach is needed 

to predict more accurate SFs. Al though the issue of 

material-specific IMFP calculations is not yet resolved, 

the approach used here employs the IMFP values reported by 

Tanuma, Powell, and Penn to predict the SF as they are more 

material specific. 

For Fe, Co, and Ni, the predicted SF values were used 

in the deconvolution procedure. For Ti and V, use of the 

predicted values results in significant abnormalities in the 

spectra, such as sharp changes in slope, after the 

deconvolution. Consequently, values less than those 

predicted were tested until a maximum value which did not 



Table 6.2 - Surface Plasmon Scaling Factors 
Based on Tanuma, Penn, and 
Powell Formalism (6.2) 

Metal 

Ti 
V 
Co 
Fe 
Ni 

Cu 
Ag 
Au 

IMFPcos9(1500 eV)B IMFPcos9(200 eV)B 

31.8 7.2 
28.9 6.8 
n.a. b n.a. b 

22.0 5.7 
20.1 5.7 

22.0 6.4 
19.1 5.3 
17.3 5.0 

BIMFP values in A; 
b n • a • is none available. 

200 

SF 

0.20 
0.20 

0.22 
0.25 

0.25 
0.24 
0.25 
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Table 6.3 - Comparison of Surface Plasmon 
scaling Factors Determined 
by Various Methods 

Metal 

Cu 
Ag 
Au 

as&D 
bTPP 
cT&E 
dPAR 

-
-
-
-

SF (S&D)a 

0.32 
0.32 
0.32 

Seah and Dench 

SF (TPp)b 

0.25 
0.24 
0.25 

Tanuma, Powell, and Penn 
trial-and-error 
peak area ratios 

SF (other) 

0.31 (T&E) C 

0.25 (PAR}d 
0.21 (T&E}c 



202 

cause abnormalities was determiried. The quality of the 

optical constants determined with this approach suggests 

that it is a viable means for determining the necessary SFs 

for the deconvolution procedure. 

Experimental Loss Spectra and optical constant Results 

Copper 

In Figure 6.2, the REELS data for Cu acquired with 

primary beam energies of 1500 eV and 200 eV are shown. 

Spectra similar to those acquired with 1500 eV electrons 

have been reported in the literature. (6.3-6.5) Assignments 

of each loss feature have also been reported. The 4.3 eV 

feature has been identified as an interband 

transiti~n.(6.6,6.7) However, there is disagreement as to 

the origin of the 7.4 eV feature; Ehrenreich and Philipp 

identify it as a volume plasmon peak which appears at an 

energy lower than the calculated value of 9.3 eV due to 

interband transitions. (6.8) smith predicts interband 

transitions in the 7.4 to 8.4 eV region based on 

photoelectron spectroscopy and theoretical calculations of 

the band structure for CU.(6.9) Additionally, this feature 
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Experimental REEL spectra for CU acquired with 
the following primary beam energies: (a) 1500 
eV, (b) 200 eVe 



---------

204 

has been assigned to a surface plasmon excitation by 

Powell. (6.4) 

The loss feature at 19.3 eV has been assigned to the 

volume plasmon excitation. (6.5,6.10,6.11) The 27.1 eV 

feature has been identified as an interband transition by 

Thirwell (6.5) and as a plural scattering peak by 

Powell. (6.4) Additionally, Thirwell suggests that a surface 

plasmon occurs at 3.6 eVe A feature at this energy is not 

observed in either spectrum in Figure 6.2, but it may be' 

buried beneath the low energy interband transitions. 

The peak assignments are still somewhat controversial; 

therefore, it is difficult to completely interpret the 

differences between the spectra acquired with 200 and 1500 

eV electrons. A decrease in volume plasmon intensity is 

apparent when going from 1500 eV to 200 eV electrons as 

demonstrated by the decrease in the 19.3 and 7.4 eV features 

with respect to the 4.3 eV feature. However, it is not 

clear from these spectra how the surface plasmon intensity 

is changing with primary beam energy. 

The loss function results for eu before and after the 

effects of dispersion are removed are shown in Figure 6.3. 

Values reported by Hagemann and coworkers (6.12) are also 

shown. These results compare favorably to the values taken 

from the literature in terms of the morphology and numerical 
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values of the loss function. Furthermore, the dispersion 

contributions to the loss function are fairly insignificant 

as was observed for Al (chapter 5). 

In Figure 6.4, the dielectric constants calculated from 

the loss functions not corrected for dispersion are compared 

to values reported by Hagemann and coworkers (6.12), 

Ehrenreich and Philip (6.8), and Johnson and Christy. (6.13) 

The dielectric constants calculated from the dispersion

corrected loss function were identical to those calculated 

before dispersion correction. As shown by Figure 6.4a, the 

experimentally-determined 1:, values compare favorably with 

those in the literature; the average standard deviation in 

€, values is ± 0.28.(6.14) 

The experimentally-determined 1:2 values exhibit a 

comparable level of similarity to data in the literature. 

However, note that the magnitudes of the experimentally

determined values are somewhat lower than those in the 

literature, the deviation becoming particularly noticeable 

above 6 eVe Despite the obvious visual deviation between the 

experimental and literature values, the average standard 

deviation in values is ± 0.30.(6.14) Thus, based on the 

results in Figure 6.4, it is apparent that the data 

treatment method works reasonably well for Cu. 
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The observed deviations between the experimental results 

obtained here and those in the literature are most likely 

the result of one important limitation of this data 

treatment method. The empirical approach used here to 

remove surface plasmon contribution requires a scaling 

factor to be employed in the deconvolution step as described 

above. Problems arise when the contribution of the surface 

plasmon to the spectral response is difficult to determine, 

as is the case for Cu. 

Silver 

The experimental REELS data for Ag taken at primary beam 

energies of 1500 eV and 200 eV are shown in Figure 6.5. 

Similar spectra have been observed in the 

literature. (6.8,6.11) The 3.8 eV loss feature has been 

identified as a 

surface plasmon 

respectively) . 

energies by 

combination of the volume plasmon and 

excitations (3.78 eV and 3.63 eV, 

These excitations are depressed to lower 

a strong interband transi tion at 3.9 

otto and Petri assign both the 3. 8 eV and the eV. (6.8,6.15) 

7.6 eV features to the volume plasmon loss. They propose 

that the theoretical peak at 9.025 eV splits into the two 

peaks observed experimentally because of strong interband 
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assigned but 
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The 16.8 eV feature has not been 

has been observed by various 

workers. (6.11,6.17) The 25 eV feature is identified as an 

interband transition by otto and Petri. (6.16) 

It is difficult to determine from the data in Figure 

6.5 the changes that occur in the Ag data as the primary 

beam energy is decreased from 1500 eV to 200 eVe However, 

the peak area ratio of the 3.8 eV feature, A3.8 , to the 

primary peak, Ap, increases in going from 15'00 eV (A3.alAp = 

0.02) to 200 eV (A3.alAp = 0.08), suggesting that the surface 

plasmon response appears to substantially increase. It is 

difficult to determine how the volume plasmon response 

changes, although it is assumed to decrease based on the 

results from Al (Chapter V). It is also significant to note 

that the experimentally observed loss feature at 3.8 eV with 

1500 eV excitation shifts to 3.6 eV with 200 eV' 'excitation 

suggesting an increased contribution from the lower energy 

surface plasmon. 

The analysis of the Ag REELS response is rendered 

tractable by the dominant free-electron character of Ag at 

energies less than ca. 4 eVe This is in contrast to the Cu 

loss function as was described above. Thus, the 

contribution of the Ag surface plasmon to the spectral 
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response may be determined for different primary beam 

energies, as was illustrated above. Hence, the "trial-and

error" procedure used to determine scaling factors for eu 

was not necessary for Ag. 

The loss function results for Ag are shown in Figure 6.6 

and are compared to values in the literature.(6.12) The 

morphology and numerical values of the experimental loss 

function are similar to those taken from the literature. 

In Figure 6.7, the dielectric constant results before' 

dispersion removal are compared to values reported in the 

literature. (6.8,6.12,6.13) The morphology and numerical 

values for ~1 values determined from the REELS data compare 

favorably with those in the literature. The average 

standard deviation in these values is ± 0.37. (6.14) In the 

case of €2 1 the morphology of the experimental and 

literature curves are very similar, but the numerical values 

from the REELS response are low by a factor of ca. three. 

The average standard deviation of these values is ± 

0.77.(6.15) This discrepancy is most likely the result of 

removing important interband transition information during 

the surface plasmon and plural scattering deconvolution 

procedures. Additionally, differences in background due to 

the inelastic continuum present in both the 1500 eV and 200 
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eV data are not taken into account. Investigations of the 

origin of this problem need to be undertaken. 

The contributions of dispersion effects to the results 

for Ag are very minimal, as was observed for Cu. Moreover, 

although not shown in Figure 6.7, the dielectric constants 

determined after dispersion removal are essentially 

identical to those determined before dispersion removal. 

Gold 

The REELS data for Au taken at primary beam energies of 

1500 eV and 200 eV are shown in Figure 6.8. Similar spectra 

have been observed in the literature. (6.11,6.15) The 2.8 

eV feature is somewhat controversial as it has been assigned 

to an interband transition by Christensen and Seraphin 

(6.18), and it has also been assigned to a surface plasmon 

excitation by Thirwell.(6.5) Both Christensen and Seraphin 

and Thirwell agree that the 6.1 eV feature is due to an 

interband transition. smith assigned the 10.2 eV feature 

to a weak interband transition. (6.9) The 15.9 eV feature 

has not been assigned, but it has been opserved by various 

workers. (6.11,6.15) otto and Petri have identified the 24.6 

eV feature as an interband transition. (6.16) 
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It is very difficult to interpret the changes in the 

spectra as the primary beam energy is decreased. Most of 

the difficulty in interpretation arises from the fact that 

the plasmon excitations are buried in the interband 

transitions. This point is illustrated by the fact that 

none of the workers cited above assigned any of the loss 

features to a plasmon excitation. 

In Figure 6.9, the values of Im[-l/€] for Au are shown 

and compared to values taken from the literature. (6.19) In 

Figure 6.10, the dielectric constant results before 

dispersion removal are presented along with values reported 

by Johnson and Christy (6.13), Weaver, Olson, and Lynch 

(6.19), and Cooper, Ehrenreich, and Philip. (6.20) As was 

the case for Cu, the Au spectra are very difficult to 

interpret. Thus, the "trial-and-error" method was used to 

determine the scaling factor for surface plasmon removal. 

Comparison of the results shown in Figures 6.9 and 6.10a for 

Im[-l/€] and €, determined from REELS to the literature 

values indicates that both the morphology and numerical 

values of the curves compare favorably. The average 

standard deviation in the €, values is ± ,0.27. (6.14) 

However, although the morphology of the €z curve determined 

here is similar to those from the literature, the numerical 
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values are low by a factor of ca. 2.5. The average standard 

deviation in these values is ± 0.72. (6.14) Again, this 

discrepancy is attributed to the removal of important 

interband transition information in the deconvolution 

processes. Finally, the dispersion contributions in the Au 

results are insignificant as was observed for both eu and 

Ag. 

Titanium 

In Figure 6.11, the experimental REEL spectra for Ti are 

shown. Spectra similar to the 1500 eV spectrum have been 

reported in the literature. (6.3,6.21,6.22) The most 

prominent feature in the 1500 eV spectrum is the peak 

centered at ca. 18 eVe This peak has been assigned to the 

volume plasmon loss by Robins and Swan (6.3), and reported 

but not assigned by others. (6.21, 6.23) Also, spectral 

features at ca. 5.5 eV have been reported and assigned .to 

band transitions (6.3) and to surface plasmons. (6.24) These 

features are not easily identified in Figure 6.11a; however, 

in Figure 6.11b, a definite shoulder is present in this 

energy region. Based on the experimental conditions used 

in the acquisition of these data, it appears that the 6.8 

eV feature is the result of a surface-related excitation. 
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Figure 6.11: Experimental REEL spectra for Ti acquired with 
the following primary beam energies: (a) 1500 
eV (b) 200 eVe 
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Additionally, a shift of ca. 4 eV to lower energies is noted 

in the dominant spectral feature when the primary beam 

energy is decreased from 1500 eV to 200 eV. This shift can 

also be explained by an increase in the contribution of 

surface effects to the 200 eV spectrum. 

In Figure 6.12, the optical constants determined using 

REELS are compared to values obtained from reflectance 

measurements reported by Lynch, Olson, and Weaver (6.25) and 

by Wall, Ribarsky, and stevenson. (6.23) Noticeable 

disagreement in the shape of the loss function is apparent 

in Figure 6.12a. The maximum Im[-l/€] value in the data of 

Lynch, Olson, and Weaver occurs at 13.7 eV, at 15.5 eV in 

the data of Wall, Ribarsky, and Stevenson, and at 17.5 eV 

in the results reported here. Similar differences in maxima 

for the Im[-l/€] values were also noted by Girouard and 

Truong (6.22) in comparing their reflectance work to other 

data in the literature. They concluded that these effects 

are attributable to surface cleanliness and surface 

roughness. 

In Figures 6.12b and 6.12c, the real and imaginary parts 

of the dielectric constant, €, and €2 respectively, are 

compared to the literature values. Unlike the Im[-l/€] 

curves, these results compare favorably to the literature 
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optical constant results for Ti: (a) Im[-l/€], 
(b) ~1I (c) ~2; experimental ( ) , 
reference 6.23 (0 0,0 0), reference 6.25 
(A A A A). 



PLEASE NOTE: 

Page(s) missing in number only; text follows. 
Filmed as received. 

U·M·I 



> 
t-..... 
Ul 
Z 
W 
t
Z ..... 

> 
t-..... 
Ul 
Z 
LaJ 
t
Z ..... 

224 

o 6 12 18 24 30 
ENERGY LOSS (EV) 

Figure 6.13: Experimental REEL spectra for V acquired with 
the following primary beam energies: Ca) 1500 
eV, (b) 200 eVe 
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by Seignac and Robin (6.28) and by Weaver, Lynch, and 

Olson. (6.29) In comparing the Im[-l/€] curves shown in 

Figure 6.14a, some discrepancy in the shape of the curves 

is noted, but not to the extent seen for Ti. The maxima in 

Im[-l/e] values occur at ca. 20.7 eV in the Seignac and 

Robin curve, at ca. 17.8 eV in the Weaver, Lynch, and Olson 

curve, and at ca. 22.5 eV in the results reported here. The 

discrepancies between the curves in Figure 6.14a are 

believed to be caused by surface cleanliness and surface' 

roughness effects on the reflectance results as was the case 

for Ti. 

In Figure 6.14b and 6.14c, the €1 and €2 results are 

shown. The results compare favorably to those in the 

literature. Thus, the data treatment procedures are 

effective in predicting the €, and €2 values despite 

differences in the Im[-l/€] values. The average standard 

deviation in €, values is ± 0.076 and in €2 values is ± 

o. 15. (6.26) 

Iron 

Experimental REEL spectra for Fe are shown in Figure 

6.15. Spectra similar to the 1500 eV spectrum have been 

reported in the literature. (6.3,6.10,6.21) The spectral 
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Figure ·6.15: Experimental REEL spectra for Fe acquired with 
the following primary beam energies: (a) 1500 
eV, (b) 200 eV. 
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feature at ca. 9 eV has been assigned to a collective 

excitation by Misell and Atkins (6.10) and to a lowered 

plasma loss by Robins and Swan. (6.3) Both groups of workers 

have assigned the spectral feature at ca. 17 eV to the 

volume plasmon loss and the feature at ca. 23 eV to an 

interband transition. The 200 eV data shown in Figure 6.1Sb 

suggest that the lower energy excitation (ca. 9 eV) may be 

a surface plasmon loss based on the diminished volume 

plasmon intensity at ca. 17 eV. 

The optical constants are plotted in Figure 6.16 along 

with results obtained by refl~ctance measurements reported 

by Moravec, Rife, and Dexter (6.30) and by Weaver, Colavita, 

Lynch, and Rosei.(6.31) From the data in Figure 6.16a, it 

is apparent that the Im[-1/f] results compare more favorably 

to the literature values than was seen for either Ti or V. 

The €, and €2 results in Figures 6.16b and 6.16c are almost 

identical to the values in the literature. The average 

standard deviation in the €, values is ± 0.10 and in €2 is 

± o. 17 . (6. 26) It should be noted the there is some 

discrepancy in the €, values at energies < 2 eV. This 

discrepancy is attributed to the inadequacies in the 

extrapolation of the loss function to zero energy loss. 
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Cobalt 

The experimental REEL spectra for Co are shown in Figure 

6.17. Spectra similar to the 1500 eV spectrum have been 

reported in the literature. (6.3,6.10) The ca. 5 eV spectral 

feature has been assigned to an interband transi tion by 

Misell and Atkins (6.10) and by Robins and Swan. (6.3) Both 

groups have assigned the 8.3 eV spectral feature to a 

lowered collective excitation and the 26.3 eV feature to an 

interband transition. The volume plasmon loss energy was 

identified by Misell and Atkins at 19.8 eV and by Robins 

and Swan at 17.9 eV. Although this loss is not 

distinguishable in Figure 6.17, it is believed that it is 

buried in the interband transitions occurring in this energy 

region as was seen for Fe. The 200 eV data shown in Figure 

6.17b suggest that the spectral feature at ca. 8 eV may be 

assigned to the surface plasmon loss due to its increased 

intensity. 

In Figure 6.18, the optical constants are plotted along 

with results obtained by reflectance measurements reported 

by Yu, Donovan, and Spicer (6.32) and by Johnson and 

Christy. (6.33) The comparison of these results to values 

from the literature is difficult due to the paucity of 

optical data previously reported.' Despite this limitation, 
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Figure 6.17: Experimental REEL spectra for Co acquired with 
the following primary beam energies: (a) 1500 
eV, (b) 200 eVe 
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it is apparent that in the energy region shown, the results 

for Im[-l/e], €1' and €2 compare favorably to the literature 

values. The average standard deviation for the €1 values is 

± 0.11 and for the €2 values is ± 0.42.(6.26) 

Nickel 

In Figure 6.19, the experimental REEL spectra for Ni are 

shown. Spectra similar to the 1500 eV spectrum have been 

reported in the literature. (6.3,6.10,6.21,6.34) Assignment' 

of the spectral features has been reported by a variety of 

groups. (6.3,6.10,6.35) The 4.0 eV feature is assigned to 

an interband transition. The surface plasmon loss is 

identified in the 7 to 9 eV energy region. The volume 

plasmon loss is identified in the 19 to 21 eV energy region. 

The 27.3 eV feature is assigned to an interband transition. 

As was the case for the other metals, the surface loss 

feature becomes more dominant as the primary beam energy is 

decreased. 

In Figure 6.20, the optical constants are plotted along 

wi th results obtained from reflectance measurements reported 

by Moravec, Rife, and Dexter (6.29) and by Lynch, Rosei, and 

Weaver. (6.36) In comparing the Im[-l/e], €1' and €2 values, 

both the morphology of the curves and the numerical values 
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Figure .6.19: Experimental REEL spectra for Ni acquired with 
the following primary beam energies: (a) 1500 
eV, (b) 200 eVe 
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reference 6.36 (~ ~ ~ ~). 



compare favorably to the literature values. 
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The average 

standard deviation for the €1 values is ± 0.14 and for the 

€2 values is ± 0.48.(6.26) 

summary and Conclusions 

In summary, REELS data obtained for Cu, Ag, Au, Ti, v, 

Fe, Co, and Ni using a primary beam of 1500 eV are similar 

to EELS data in the literature. Interpreting the changes 

in the spectral response for data obtained at lower primary 

energies are, for the most part, very difficult as the 

experimental loss functions are dominated by interband 

transitions. It is clear that some surface loss information 

is contained in data acquired with the higher energy 

electrons. This conclusion is made based on the fact that 

data acquired with 1500 eV electrons and not treated for 

surface plasmon contributions do not compare favorably with 

literature results. By applying the surface plasmon removal 

step and using the appropriate scaling factor, the 

dielectric constant results are greatly improved. 

For all of the metals used in this study, the €1 and €2 

results compare favorably to values reported in the 
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literature. Some discrepancies are observed in the Im[-l/E] 

values as compared to those reported in the literature, 

especially in the case of Ti and V. These discrepancies are 

attributed to problems associated with surface cleanliness 

and surface roughness. It is not surprising that the Ti and 

V results are more affected by these surface-related 

problems in comparison to the other metals due to their 

increased reactivity. Interestingly, it is apparent that 

small differences in the morphology of the Im[-l/e] curves 

do not give rise to large deviations in €, and €2 values for 

the first row transition metals. 

Despite the success of the data treatment method, it 

is not without limitations. One drawback involves the use 

of a "trial-and-error" method in certain cases to determine 

the scaling factor for the quantitative surface plasmon 

removal ~tep. A second approach was applied to the first row 

transition metals using IMFP values of the incident 

electrons at different energies. The results suggest that 

the use of IMFP calculations is a practical way to predict 

scaling factors associated with the surface plasmon 

deconvolution procedure. 

Improvement is needed in the calculation of the €2 

values, especially for metals with large atomic numbers. 
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It is apparent from the average standard deviations (ave. 

s.d.) for the noble metals shown in Table 6.4, that the data 

treatment method is less accurate for the heavier metals. 

As stated above, it appears that in the deconvolution steps, 

important information is being removed which is contributing 

to the observed error in the Ag and Au results. 

Finally, the results indicate that the contributions 

of dispersion can be minimized experimentally by using a 

primary beam of 1500 eV. Al though this' point was not 

emphasized with the first row transition metals, the optical 

constant results were not altered by removal of dispersion 

contributions. 



Table 6.4 - Standard Deviations of Noble Metal 
Dielectric constant Results (6.14) 

±O.28 ±O.30 ±O.37 ±O.77 ±O.27 
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±O.72 



CHAPTER VII 

ELECTROMAGNETIC ENHANCEMENT PREDICTIONS OF THE 

SURFACE ENHANCED RAMAN SCATTERING QUENCHING 

AT COPPER AND SILVER ELECTRODES BY LEAD DEPOSITION 
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Approximations 'of the magnitude of the enhancement due 

to EM effects at Pb-modified CU and Ag electrodes are 

described in this chapter. Two methods were used to predict 

changes in the enhancement at these electrodes as a result 

of Pb deposition. The first method described in this 

chapter is based on the use of the dielectric constants of 

the modified substrates to estimate changes in the 

enhancement. The second method relies on theoretical 

calculations which predict EM enhancements at overlayer

covered metal ellipsoids. 

Use of Dielectric Constants to Predict EM Enhancement 

A rough approximation of the magnitude of the 

enhancement due to EM effects of a particular SERS-active 
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metal can be made based on its dielectric constants. In 

Chapter I, EM enhancement calculations developed by Kerker 

(7 • 1) were discussed. It was noted that the predicted 

enhancement is indirectly proportional to £2' the imaginary 

part of the dielectric constant. 

It is of interest to the studies described in this 

dissertation to estimate the EM enhancement of Pb-modified 

cu and Ag electrodes. Dielectric constant values were semi

quantitatively determined from REELS measurements using an 

adapted version of the method described in Chapter V. The 

adapt ion of the data treatment method is described below. 

Modelling of UPD by Vapor Deposition 

Due to UHV constraints, in situ optical constant 

measurements could not be made of the electrochemically 

fabricated Pb-modified cu and Ag electrodes. Instead, vapor 

deposition of Pb onto polycrystalline cu and Ag foils was 

used to model the UPD process. This model was chosen based 

on the similarity in growth and electronic properties of 

submonolayer vapor-deposited metal films and 

electrochemically deposited films. Precedent for the 
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validity of this model comes from several sources. In 

studies reported by Hammond and Winograd (7.2,7.3), the UPD 

of eu and Ag on Pt was compared to vapor-deposited films 

using XPS. Shifts in the binding energies of the eu 2P3/2 

and Ag 3dS/2 peaks were found to be similar at submonolayer 

coverages for the UPD and vapor-deposited films. Kolb and 

coworkers (7.4) compared the growth behavior of vapor

deposited and UPD Pb films on Ag (111) and found that the 

growth stages during monolayer formation were similar for 

both modes of deposition. In a review by Kolb (7.5), work 

function changes of W due to submonolayer coverages of 

foreign metal overlayers are discussed. In both UPD and 

vapor-deposited systems, the changes induced by very low 

over layer coverages « o. 1 ML) are reported to be very 

large. 

Vapor Deposition of Pb on eu and Ag 

Growth Modes 

Auger electron spectroscopy has been used extensively 

to study the growth of vapor deposi ted films (7.6,7.7). 

Both the Pb on eu (7.8-7.13) and the Pb on Ag (7.4,7.14) 
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systems have be investigated with Auger spectroscopy and low 

energy electron diffraction (LEED). A variety of crystal 

faces have been used to better understand overlayer growth. 

From plots of the Auger intensity as a function of 

deposition time (Auger signal-time plot = AST plot), the 

growth mode can be determined. Figure 7.1 shows examples 

of AST plots for three growth modes. Figure 7.1a 

illustrates island formation, also known as Volmer-Weber 

growth. In this type of deposition, the surface energy of 

the substrate is greater than the sum of the surface 

energies of the overlayer and the overlayer/substrate 

interface, thus leading to island formation. Volmer-Weber 

growth is distinguished by a gradual change in Auger signal 

of the substrate and overlayer with deposition time in the 

AST plot. 

The second growth mode, shown in Figure 7.1b, is layer

by-layer, or Frank-van der Merwe, growth. In this type of 

deposition, the sum of the surface energies of the overlayer 

and the overlayer/substrate is larger than the surface 

energy of the substrate allowing the overlayer to grow in 

layers. Frank-van der Merwe growth is distinguished by 

successive changes in slope of the AST plots for both the 

substrate and overlayeri the substrate signal diminishes 

rapidly, and the overlayer signal grows in strongly. 



Figure 7.1: 
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a 
Time 

b 
Time 

c 
Time 

Growth mode plots: a) island growth (Volmer::'" 
Weber), b) layer growth (Frank-van der Merwe) , 
c) layer growth followed by island growth 
(Stranski-Krastanov) 
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The third growth mode, shown in Figure 7.1c, is layer

by-layer, followed by island growth, and is termed Stranski

Krastanov growth. In this type of deposition, the 

energetics of the deposition of the first monolayer are 

similar to the Frank-van der Merwe growth mode; however, 

after the first layer is formed, the energetics become more 

like the Volmer-Weber growth mode due to strain energy of 

the first layer. Stranski-Krastanov growth is distinguished 

by a linear change in the signal of both the substrate and 

overlayer in the AST plot with deposition time, with an 

abrupt change in slope occurring at monolayer coverage. 

XPS Results 

For both the Pb on eu and Pb on Ag systems, the growth 

mode has been determined to be Stranski-Krastanov (7.4,7.8-

7.14). In these studies, XPS was used instead of Auger 

spectroscopy to investigate the growth mode and to quantify 

overlayer coverage due to its increased sensitivity for 

elements with large atomic number, such as Pb (7.15). 

Qualitative changes in the XPS spectra of the Pb 4f712,S12' 

eu 2P312' and Ag 3dS/2,3/2 peaks are shown in Figure 7.2 and 

7.3 for the Pb on eu and Pb on Ag depositions. From the 
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Figure 7.2: XPS spectra of a) CU 2P3/Z and b) Pb 4f7/ Z,5/Z 
peaks at various Pb coverages (in ML). 
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Figure 7.3: XPS spectra of a) Ag 3d"z. 3/2 and. b) Pb 4 f 7/2. '12 
peaks at various Pb coverages (1n ML). 
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these data, the peak areas were measured. Using 

calculations developed by Seah and Dench (7.16), overlayer 

thicknesses were determined from the measured peak areas. 

An explanation of these calculations is given in Appendix 

B. 

In Figure 7.4, overlayer thicknesses are plotted as a 

function of deposi tion time for Pb on eu and Pb on Ag. 

These results were obtained under the same conditions. As 

with the AST plots, the abrupt change in slope indicates 

monolayer coverage. This change occurs at 9.6 min in Figure 

7.4a for Pb on eu and at 11. 0 .min in Figure 7. 4b for Pb on 

Ag. The difference in these values suggests that the 

sticking coefficient for Pb on eu is larger than that for 

Pb on Ag. 

The linear slope at covera,ges less than 1 ML provides 

a straightforward means to determine submonolayer coverages. 

These coverages were determined by dividing the peak area 

value at a given deposition time by the peak area value at 

1 ML coverage. The error bars shown in Figure 7.4 indicate 

that this method for determining over layer coverages is very 

reproducible. 



249 

6.0 a 
00000 o 0 0 0 0 

0 
5.0 

0 q, 
:<,4.0 

0 ......, 
rn 
~3.0 0 
c 

..::f. 
0 0 :.c 2.0 
t- o 

1.0 0 

0 

0.0 0 5 10 15 20 25 
Deposition Time (min) 

6.0 b 
5.0 

000 0 o 0 0 0 0 

;:;(4.0 0 ......, ~ 
en 0 
~3.0 0 
c 

0 ..::f. 
0 

0 :t:2.0 
t- O 

0 
1.0 0 

0 
0.0 -

0 10 15 20 25 
Deposition Time (min) 

Figure 7.4: Overlayer thickness vs. deposition time plots 
for a) Pb on CU and b) Pb on Ag. 
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Adaption of the REELS Method to Ultra-Thin Metal Films 

An attempt was made to use the REELS data treatment 

method described in Chapters V and VI to determine the 

optical constants of Pb-modified eu and Ag surfaces. 

However, the results from this treatment were found to be 

insensitive to changes in the surface_optical properties. 

Shown in Figure 7.5 are the dielectric constants for Pb on 

cu using 1500 eV REELS data and corrected for surface 

plasmon and plural scattering effects. These results show 

very little change in the dielectric constant values even 

at Pb coverages close to 1 ML. 

In Figure 7.6, experimental REEL spectra are shown for 

o. 0, 0 • 4 , and O. 8 ML Pb coverage. Comparing the Cu 

substrate spectrum (8 = 0.0) to the other two spectra, the 

4.3 and 7.4 eV features noticeably decrease relative to the 

other spectral features as the Pb coverage is increased. 

The 4.3 eV feature is assigned to a~ interband transition 

(7.17). The 7.4 eV feature is assigned to an interband 

transition (7.18) and a surface plasmon (7.19). Even at 

o • 4 ML coverage, the REELS data indicate changes in the 

electronic properties of the surface. Based on these 

experimental spectra, the dielectric constants are expected 
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50 

REELS data of Pb on CU at 0.0, 0.4, 0.8 ML Ph 
coverage acquired with a 1500 eV primary beam. 
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to change as a function of Pb coverage I especially at 

energies less than 10 eV which was not observed in Figure 

7.5. Thus, in removing the surface plasmon information in 

the first step of the data treatment method, optical 

information associated with the overlayer is also removed. 

In order to better monitor the optical property changes 

of the Pb-modified surfaces, the 200 eV, grazing angle data 

was used instead of the 1500 eV data. The advantage of 

using these data lies in their increased sensitivity to' 

surface processes, as was shown in Chapter V. The 

disadvantages to using this lower energy data include the 

following. The dispersion processes of lower energy 

electrons have. a larger contribution to the spectral 

response than the higher energy electrons, as was shown in 

Chapter V. Additionally, the angular dependence of 

dispersion processes of surface excitations are less defined 

as compared to bulk excitations in the transmission case 

(7.1) and are currently controversial for the reflection 

case (7.20). Finally, although the spectral response is 

more sensitive to surface excitations, bulk excitations are 

also present. 

Due to these disadvantages, only semi-quantitative 

dielectric constant values were determined from the 200 eV, 
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grazing angle data in this study. Modified data treatment 

procedures were used based on the method described in 

Chapter V. The modifications included the fOllowing: 

a) The surface plasmon removal step was not employed in 

order to take advantage of the increased surface 

sensitivity of these data. 

b) The plural scattering removal step was used for 

background removal. It was necessary to use a scaling 

factor of 0.1 in the deconvolution of the model function 

from the 200 eV data. This scaling factor was employed 

due to the decreased plural scattering of the 200 eV 

electrons relative to the 1500 eV electrons. This 

decrease is expected based on the difference in 

collision-free travel distances of the 200 and 1500 eV 

electrons which can be predicted from IMFP values (see 

Tables 6.1 and 6.2). 

c) The Kramers-Kronig analysis was applied to the isolated 

loss function, and €, and €2 were determined. No attempt 

to account for dispersion processes was made due to the 

reasons cited above. 

The values determined using this modified data treatment 

method are considered "surface-sensitive", bulk optical 

constants. As will be demonstrated below, although these 
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values are only semi-quantitative, the trends in the results 

compare well to results of similar systems reported in the 

literature using ellipsometric measurements. 

Pb on eu Results 

Experimental Spectra 

The experimental REEL spectra acquired with a 200 eV 

primary beam energy for various Pb coverages on eu are shown 

in Figure 7.7. The top spectrum of the eu substrate shows 

a feature at 4.3 eV which is assigned to an interband 

transition (7.17). The feature at 7.4 eV has been assigned 

to both a interband transition (7.18) and a surface plasmon 

(7.19) • As the Pb coverage is increased, both features 

become less dominant: at 0.98 ML coverage, these features 

are almost gone. 

The bottom spectrum is of a Pb film of ca. 50 A 

thickness. The XPS analysis of this film indicates that it 

approximates a bulk Pb sample. The XPS spectrum of the Pb 

film is given in Appendix A, Figure A.5. Peak positions of 

the Pb 4f7l2 and 4fS/2 peaks of the film are the same as those 

reported for bulk samples (7.21) The 5.5 eV feature in the 
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Pb REELS spectrum is attributed to an interband transition, 

and the 11.0 eV feature is attributed to a surface plasmon 

excitation (7.22). From the spectra presented in Figure 

7.7, it is difficult to interpret the contribution of the 

Pb overlayer to the electronic properties of the surface, 

especially at the intermediate Pb coverages, due to the 

similarity in energies of Pb features with the cu features. 

However, traces of the Pb surface plasmon begin to appear 

at 0.69 ML coverage. These spectra suggest that at 

submonolayer coverages, the Pb overlayer can sustain 

collective longitudinal excitations even though the electron 

density is very low. 

optical Constants 

The optical constant results for various Pb coverages 

on cu are shown in Figure 7.8. The €, values decrease by a 

factor of ca. 1.4 in going from 0.0 to 0.98 ML Pb coverage 

at energies less than 8 eVe The €2 values increase as the 

Pb coverage is increased by a factor of 1.5 going from 0.0 

ML to 0.98 ML coverage at energies less than 8 eV. At 

energies greater than 8.0 eV, both the €, and €2 values are 

less sensitive to the presence of Pb. 
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Changes in €1 and €2 values as a function of Pb coverage 

are illustrated more clearly in Figure 7.9 in which the 

results at 2.0 eV (620 nm) and 1.7 eV (720 nm) are given. 

These energies were chosen based on the excitation energies 

used in the SERS studies. The trends in these plots 

indicate that the €1 values decrease with Pb coverage while 

the €2 values increase as discussed above. The impact of 

these changes with respect to the SERS results will be 

discussed below. 

In Figure 7.10, normalized (;2 values are plotted against 

€2 values calculated from ellipsometric response parameters, 

8 and ~, reported by Muller and Farmer (7.23) for Pb UPD on 

cu (111) at 514.5 nm. The following equations were used to 

determine (;2 (7.24), 

n = no[0.5{ (G2 - E2 + sin2cp) + 

«G2 _ E2 + sin2cp) 2 + 4G2E2) 1/2} 1/2] 

k = no[0.5{-(G2 - E2 + sin2cp) + 

G = 

«G2 _ E2 + sin2cp)2 + 4G2E2)1/2}1/2] 

sincptancpcos2l/1 

1 + sin2l/1cos8 

E = sincptancpsin2~sin6 

1 + sin2l/1cos6 

€2 = 2nk 

(7.1) 

(7.2) 

(7.3) 

(7.4) 

(7.5) 
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where n is the refractive index of the substrate, k is the 

extinction coefficient of the substrate, no is the 

refractive index of the incident medium, and ¢ is the angle 

of the incident radiation. 

Although the magnitudes €2 values shown in Figure 7.10 

are different, the trends in the changes in these values 

wi th Pb coverage are similar. Both sets of results 

continuously increase with Pb coverage. The similarity in 

the trends of these results demonstrates that the REELS 

method is successful in measuring relative changes in €2 

values of metal substrates. modified by submonolayer 

coverages of foreign metals. 

Pb on Ag Results 

Experimental Spectra 

The experimental REEL spectra acquired at a 200 eV 

primary beam energy for various Pb coverages on Ag are shown 

in Figure 7.11. The top spectrum of the Ag substrate shows 

a feature at 3.7 eV which corresponds to a combination of 

the surface and bulk plasmon excitations, and the broader 

feature at 7.6 eV has also been assigned to a plasmon 



~ 
-f-J 

UJ 
C 
Q) 

-f-J 
C 

Figure 7.11: 

-A, - .urrace plasmon 

·0.00 
0.09 
0.19 
0.27 
0.37 

0.44 
0.65 

0.81 

0.99 
Pb 

Pb - Interblnd transition 

" ..... 

10 15 20 25 
Energy Loss (eV) 

REELS spectra of Pb on A9 at various 
Pb coverages (values g1ven in ML) 
acquired with a 200 eV primary beam. 

263 



264 

excitation (7.25). As the Pb coverage is increased, the 

3.7 eV feature diminishes in intensity relative to the other 

spectral features. At 0.99 ML, this feature appears as a 

shoulder in contrast to being a sharp peak at the lower Pb 

coverages. 

Due to the similarity in energies of the 5.5 eV Pb 

feature and the 7.6 eV Ag feature, it is difficult to 

separate their contributions to the spectral response. The 

11.0 eV Pb surface plasmon feature, on the other hand, is 

well separated from the Ag spectral features. At 0.44 ML, 

a noticeable shoulder at ca. 11.0 eV is beginning to appear; 

this feature increases as the Pb coverage is increased. At 

0.65 ML, the REEL spectrum is noticeably different from the 

Ag substrate spectrum. As with the Pb on eu data, the 

emergence of the Pb surface plasmon feature suggests that, 

at submonolayer coverages, the overlayer can support 

collective longitudinal excitations. From these and the Pb 

on eu results, it is speculated that there is two

dimensional Pb clustering on the both the eu and Ag 

surfaces. 



265 

optical constants 

The optical constant results for various Pb coverages 

on Ag are shown in Figure 7.12. The trends in these results 

are similar to those reported for the Pb on cu system. The 

€, values decrease by a factor of ca. 1.2 going from 0.0 ML 

to 0.98 ML coverage at energies less than 8 eV, while the 

€2 values increase by a factor of ca. 3.0. 

Changes in €, and €2 values as a function of Pb coverage 

at 2.0 eV and 1.7 eV are shown in Figure 7.13. The gradual 

change in €, values with Pb coverage is similar to the trend 

reported for Pb on CUi however, the change in €2 values are 

somewhat larger than what was found for the Pb on Cu system. 

The significance of this difference will be discussed below. 

The REELS-determined €2 values are compared to values 

calculated from Muller and Farmer's reported ellipsometric 

values for the UPD of Pb on Ag (111) (7.23) at 514.5 nm in 

Figure 7.14. As with the comparison for Pb on CU results 

shown in Figure 7.10, the magnitude of the ellipsometric 

measured €2 values are larger than the REELS measured values 

but trends in the changes in these values are similar. 

These results, along with the Pb on Cu results, indicate 

that the REELS method is effective in monitoring changes in 

the dielectric constants of substrates modified by 



1.0 

0.0 

vJ-1.0 

-2.0 

-3.0 -+-'-"'+~"'T'"'I""1'"1T"0T"T"1"T'T"TT"T"T"1201"T"T"T""I""T"T"11"'T'T"'130 

Energy Loss (eV) 
4.0 

3.0 

N 
0J2.0 

1.0 

0.0 +.-"I'"T"" ......... "'T'"'I"~I'"T"'I ....... .,..,..T"T"1"'T"T..,..,..r-;-r-r"l""l 
10 20 30 

Energy Loss (eV) 

266 

Figure 7.12: Optical constant results determined from 200 
eV REELS data for Pb on Ag at the following 
Pb coverages: o. 00 ( ), o. 19 ( 0 0 ), 
0.37 (- - -),0.65 (-x-x-), 0.81 ( ••••• ), 0.99 
( ) . 
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comparison of the REELS-determined £2 results 
(6) to results calculated from ellipsometric 
values reported by Muller and Farmer (7.23) 
for Pb UPD on Ag (111) (0) at 514.5 nm. 
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submonolayer amounts of a foreign metal. 

Impact of REELS-Determined Results on SERS Work 

The dielectric constant results for Pb-modified Cu and 

Ag exhibit similar trends. In both cases, the €1 values 

decrease and the €2 values increase as a function of Pb 

coverage. The magnitude of these changes, however, is 

somewhat different. Figure 7.15 shows normalized €1 and €2 

values for the systems studied at 2 eVe These values are 

determined by dividing each value by the corresponding 

substrate value. The normalized €2 values increase in these 

plots due to the division of two negative numbers in the 

normalization procedure. It is significant that the slope 

in €2 values as a function of Pb coverage for Ag is almost 

twice the slope for Cu. However, the change in €1 values as 

function of Pb coverage for both metals is similar. 

According to calculations discussed in Chapter I, the 

magnitude of the EM enhancement decreases as €2 increases 

according to the following relationship (7.1), 

4 G ex [(€1 - 1)/€2] , 
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where G is the enhancement. The normalized enhancements for 

Pb on eu and Pb on Ag at 2.0 eV calculated from the above 

relationship using €1 and €2 values determined from REELS 

measurements are shown in Figure 7.16. superimposed on 

these plots are the experimentally determined SERS quenching 

profiles for pyridine at eu and Ag electrodes modified by 

Pb UPD acquired at 620 nm excitation. The EM predictions 

for Pb on eu display a drop in the enhancement of ca. 25% 

at 0.11 ML. After this abrupt change, the EM enhancement 

is predicted to slightly decrease with increased Pb 

coverage. The experimental SERS quenching profile for Pb 

on eu does not follow these predictions. The SERS intensity 

does not decrease until ca. 0.4 ML after which the decrease 

is gradual until 0.6 ML. At coverages greater than 0.6 ML, 

the SERS intensity decreases quickly. Likewise, the EM 

predictions for SERS quenching at Pb-modified Ag electrodes 

do not accurately describe the experimentally determined 

SERS behavior. The EM calculations predict rapid quenching 

of SERS at coverages less than 0.2 ML, while the 

experimentally determined SERS profiles display slow 

quenching behavior. These results suggest that the SERS 

quenching behavior of pyridine at eu and Ag electrodes 

modified by Pb UPD cannot be explained exclusively by EM 
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Figure 7.16: comparison of enhancements calculated from 
REELS-determined dielectric constants (0) to 
experimentally determined SERS quenching 
profiles (~) of pyridine at a) cu and b) Ag 
electrodes modified by Pb UPD. 
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enhancement. 

An instrumental limitation should be noted in applying 

the REELS method to determining optical constants of SERS

active surfaces. Due to the width of the primary electron 

beam, FWHM = 0.70 to 0.75 eV, optical property information 

at energies less than 2.0 eV (620 nm) must be extrapolated. 

Additionally, this instrumental restriction limits 

resolution of these measurements to ca. l·eV, or ca. 200 nm, 

in the visible region of the spectrum. These limitations 

are particularly troublesome due to the fact that visible 

light is used for Raman excitation. However, plans for a 

monochromatic electron source are being pursued to eliminate 

this problem. 

Theoretical Calculations of EM Enhancements 

of Pb-Modified CU and Ag Electrodes 

In addition to predicting the EM enhancements of Pb

modified CU and Ag electrodes using dielectric constants 

determined from REELS, theoretical calculations of the 

enhancement based solely on EM considerations were performed 

using a model developed by Murray (7.26). These 
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calculations were previously performed in this laboratory 

for Pb-modified Ag electrodes (7.27). These results, along 

with the recent calculations for Pb-modified Cu electrodes, 

will be discussed below. A complete description of the 

calculations used to determine these EM enhancement values 

has been reported previously (7.28). 

overview of the Murray Model 

In the Murray model, the electric field enhancement at' 

the tip of a pair of confocal ellipsoids is calculated. The 

inner shell of these ellipsoids i,s, in this case, Cu, and 

the outer shell is Pb. These calculations can be used to 

predict the electromagnetic behavior of island films 

comprised of these confocal ellipsoids placed randomly in 

a two-dimensional lattice which approximates that of 

roughened electrodes covered with a foreign metal. In these 

calculations, the shapes of the surface roughness features 

were taken to be ellipsoids with semimajor axes of 150 A and 

semiminor axes of 50 A. These values were chosen based the 

largest roughness features observed on electrochemically 

roughened Ag electrodes that can be used without exceeding 

the limits of the model (7.29). 
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The optical constant values for the cu ellipsoids used 

in these calculations were those reported by Johnson and 

Christy (7.30) at the wavelengths of interest. The optical 

constant values for the Pb/electrolyte interfacial phase 

used in these calculations were determined by two methods. 

In one method, these values were estimated using the 

Bruggeman effective medium approximation (7.31) from bulk 

Pb dielectric constants (7.32). In the other method, the 

dielectric constants were determined from the REELS 

measurements reported above. 

Theoretical and Experimental Quenching Profiles 

Figure 7.17a shows the results of the EM calculations 

for Pb on cu using the estimated Pb overlayer optical 

constants, and Figure 7.17b shows the results using the 

REELS-determined optical constants. The trends in the two 

sets of results compare well with the exception of the 

enhancements calculated at 720 nm at higher Pb coverages. 

The differences in enhancement behavior as a function 

of Pb coverage for the three excitation energies suggest 

that the SERS quenching profiles for the UPD of Pb on Cu 

would likewise differ. In Figure 7.18, the SERS quenching 

profiles of pyridine at Cu electrodes modified by UPD Pb are 
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Experimentally determined SERS quenching 
profiles of the pyridine at eu electrodes 
modified by Pb UPD for a) 620 nm, b) 720 nm, 
and c) 1064 nm excitation. 
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shown. Comparing these re~ults to the EM predicted SERS

quenching behavior in Figure 7.17, the theoretical EM 

calculations do not accurately predict the SERS quenching 

behavior. In particular, the profile acquired with 620 nm 

excitation is predicted to quench more quickly as a function 

of Pb coverage relative to profiles acquired with either 720 

nm or 1064 nm excitation. 

experimentally observed. 

However, this trend was not 

In Figure 7.19, a similar comparison of the theoretical 

and experimental SERS quenching profiles for pyridine at Ag 

electrodes modified by UPD Pb is given. These results were 

previously reported (7.27). These results also indicate 

that the EM calculations for the quenching of SERS at Ag 

electrodes by UPD Pb do not correctly predict the 

experimental determined behavior. 

Comparison of EM Enhancement Predictions 

In Figure 7.20, the EM enhancement predictions 

determined using the REELS-determined optical constants and 

the Murray model are compared for 620 nm excitation. There 

is a noticeable discrepancy in the Pb on Ag enhancement 
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Figure 7.20: Comparison of EM enhancement predictions from 
REELS-determined dielectric constants (0) and 
Murray model calculations (~) for a) Pb on·Cu 
and b) Pb on Ag. 
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profiles shown in Figure 7.20b. The calculated EM 

enhancement profile for Pb on Ag at 620 nm excitation 

predicts a slight increase in enhancement as a function of 

Pb coverage. On the other hand, the corresponding REELS

determined profile predicts an abrupt decrease in 

enhancement at low Pb coverages. In contrast, the Pb on Cu 

predicted EM enhancements are similar with both showing a 

gradual decrease in enhancement wi th Pb coverage. The 

discrepancy in the Pb on Ag predicted EM enhancements is' 

proposed to be due to topography differences. In the Murray 

model, the enhancement is estimated for ellipsoids, whereas 

the REELS measurements were made at polycrystalline 

surfaces. These results suggest that this difference has 

a significant impact on the EM enhancement predictions for 

Ag but not for Cu. Thus, it is hypothesized that the 

optical properties of Cu roughness features are more similar 

to bulk optical properties relative to the optical 

properties of Ag roughness features. 
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Summary and Conclusions 

In summary, semi-quantitative dielectric constants for 

ultra-thin Pb films on polycrystalline Cu and Ag were 

determined from 200 eV, grazing angle REELS data. 

Comparison of these results to results reported by Muller 

and Farmer for Pb films formed on Cu (111) and Ag (111) by 

UPO shows that the trends in the two sets of values are 

similar. This comparison suggests that the approach used 

here is adequate for monitoring changes in dielectric 

constants as a function of overlayer coverage. A better 

understanding of the dispersion processes of low energy 

electrons scattered by reflection is necessary to improve 

the quantitative proficiency of the data treatment method. 

EM predicted enhancements were determined for SERS 

quenching· at cu and Ag electrodes by UPO Pb using the 

dielectric constants determined from REELS and theoretical 

calculations. The predicted enhancements determined by both 

methods were similar for Pb on cu but different for Pb on 

Ag. This disparity was attributed to the difference in the 

topography used in the Murray calculations and the surfaces 

i~vestigated by REELS. The optical properties of the Cu 

roughness features are proposed to be similar to bulk 
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The optical properties of the Ag roughness 

features, on the other hand, are proposed to be unlike those 

of the bulk. 

In comparing both sets of EM enhancements to 

experimentally observed SERS quenching profiles, neither set 

was successful in predicting the experimental SERS behavior. 

These results suggest that the quenching of SERS of pyridine 

at eu and Ag electrodes by the UPD of Pb cannot be 

attributed solely to an EM effect. However, some 

contribution from EM enhancement cannot be ruled out. 
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CHAPTER VIII 

CONCLUSIONS 

Summary and Conclusions 

The goal of this research was to investigate enhancement 

mechanisms associated with SERS. Al though many studies have 

been reported concerning the enhancement at Ag surfaces, 

relatively few have been reported on other SERS-acti ve 

surfaces. It is for this reason that the work described in 

this dissertation was directed toward characterizing the 

SERS ability of Cu. Drawing on the wealth of information 

published on Ag SERS, a direct comparison of the SERS

abilities and optical properties of CU and Ag surfaces was 

undertaken. The results of these studies are summarized in 

the following: 

1. optimization of conditions to reproducibly prepare SERS

active Cu electrodes involved the u~e of a potential

step ORC method. SERS activity was not observed at 

electrodes prepared by the standard potential-scan ORC 

method. 
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2. Excitation studies provided evidence for CT enhancement 

contributions to the SERS of pyridine at cu and Ag 

electrodes. The energetics of the CT band in the 

pyridine/Cu and pyridine/Ag systems were estimated from 

these results. 

3. The SERS quenching behavior by Pb UPD at Cu and Ag 

electrodes was compared for a variety of excitation 

wavelengths. The SERS quenching profiles at CU were 

found to be similar at all excitation wavelengths used 

in these studies. This trend is in contrast to previous 

work reported for Ag in which the SERS quenching 

profiles varied with excitation energy. 

4. Negative potential excursion studies indicated that the 

CT sites on Cu electrodes are more stable than on Ag 

electrodes. These results correlated to stability 

studies reported for SERS-acti ve coldly-deposited Cu and 

Ag films. Additionally, SERS of pyridine at Ag was 

observed to be more sensitive to Pb+2 concentration 

compared to SERS of pyridine at Cu. 

5. A method employing REELS was developed and tested to 

quantitatively determine optical constants of metals. 

Assessment of the method proved it adequate for 

estimating dielectric constants for pure metals. 
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6. The REELS method was adapted for application to studying 

optical constants of ultra-thin metal films. This 

method was used to investigate the optical p~operties 

of Pb-modified cu and Ag polycrystalline surfaces. Due 

to instrumental limitations, only semi-quantitative 

dielectric constant values were determined. Comparing 

the REELS-determined dielectric constant values to 

values calculated from ellipsometric parameter values 

reported in the literature, the trends in the results 

were found to be similar. 

7. EM enhancements were predicted for the Pb-modified Cu 

and Ag electrodes using REELS-determined dielectric 

constants and theoretical calculations based on the 

Murray model. The SERS quenching behavior at both Cu 

and Ag electrodes by Pb UPD did not follow the EM 

enha~cement predictions. 

8. Comparing the EM enhancements determined by the two 

different approaches, the two sets of EM predictions for 

Pb on Cu were similar. However, comparing these 

predictions for Pb on Ag, marked differences were noted. 

Based on the results of these investigations , it is 

concluded that CT enhancement plays a measurable role in the 

SERS at both Cu and Ag electrodes. It is proposed that the 
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CT band associated with the pyridine-to-Cu CT process has 

ca. twice the width of the pyridine-to-Ag CT band. However,' 

both CT bands are proposed to have similar energy positions 

( e . g. ECT ( Cu) ~ ECT (Ag) ) • 

Based on this proposal, it is concluded that the 

difference in SERS quenching behavior at cu and Ag 

electrodes by UPD Pb is better interpreted in terms of the 

CT mechanism as opposed to the EM mechanism. The small 

decrease in SERS intensity observed at Pb'coverages less 

than 0.6 ML at excitation wavelengths of 620, 720, and 1064 

nm at Cu electrodes was attributed to moving into resonance 

with the CT process. Similar conclusions were drawn 

concerning SERS at Ag; however, the SERS quenching profile 

obtained with the longest wavelength reported for Ag, 720 

nm, did not follow the predicted behavior. Instead of 

slowly quenching with Pb coverage, as predicted'for moving 

into resonance with the CT process, this profile displayed 

faster quenching, similar to the behavior reported for Pb

modified Ag SERS at 514.5 nm excitation. This discrepancy 

was attributed to inaccuracies in the proposed CT band for 

Ag. 

The SERS intensities for Pb-modified cu and Ag 

electrodes were observed to dramatically quench at Pb 

------ '--, , " '-"-., ... , 
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coverages greater than ca. 0 . 7 ML. These results were 

attributed to changes in the surface structure of these 

electrodes just prior to monolayer deposition. The cyclic 

vol tammetry of Pb UPD along wi th vacuum deposi tion work 

reported in the literature supports this proposal. 

The development of the REELS method to determine optical 

constants provides a means for characterization of metal 

samples without requiring tenuous sample preparation or 

well-defined surfaces. The correlation of the optical' 

constant results determined by this method to values 

reported in the literature demonstrates the usefulness of 

this approach. 

The application of the REELS method to determining EM 

enhancements of Pb-modified eu and Ag surfaces provided 

rough estimates of the predicted behavior. Although the Pb 

on eu estimates were similar to theoretically calculated EM 

enhancements, the Pb on Ag estimates were markedly different 

from those calculated theoretically. Further study of the 

enhancement of these surfaces is needed to explain these 

observed differences. Note that the investigations 

described here are viewed as a preliminary attempt to use 

REELS for investigating optical properties at metals 

associated with SERS. The resul ts of this study are 
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encouraging, and it is hoped that further work in this area 

will include application of the REELS-method to the study 

of SERS-active substrates. 

Future Work 

Although significant progress has been made in 

understanding the 'enhancement mechanisms associated wi th 

SERS since its first observations, there are still many 

unanswered questions concerning the difference in SERS 

acti vi ty under varied experimental conditions. In order to 

utilize SERS as an analytical technique, characterization 

of the SERS activity under specific conditions is necessary. 

The research described in this dissertation presents a 

systematic approach for such a characterization. 

Further work in this 

adsorbates is needed in 

understanding of the SERS 

area involving a variety of 

order to gain a broader 

abilities of Cu. With the 

emergence of more sensitive detectors, it is hoped that 

excitation studies using photons of wavelengths longer than 

600 nm can be pursued in order to fully characterized CT 

behavior at Cu, similar to studies reported for Ag. 
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The establishment of the REELS method to determine 

optical constants opens new doors for the materials 

characterization. Al though the work described in this 

dissertation was directed toward studying metals, REELS can 

also be used to investigate semi-conducting and insulating 

materials. A specific application of this approach is in 

catalysis research. The activity of a catalyst is strongly 

dependent on the electronic properties at its surface. The 

empirical data treatment method is well-suited for studying 

the optical properties of a variety of catalytic surfaces. 

For example, in studying binary-metallic catalysts, such as 

the Cu/Ru system, the optical properties could be monitored 

as a function of changes in the composition of the catalyst. 

Through these types of studies, the activity of the catalyst 

could be engineered to meet specific applications by 

optimizing the composition or other properties of the 

catalyst. 

Work in the application of REELS to determining optical 

constants of thin films is required to improve the 

quatification of this technique. The current emphasis on 

understanding scattering of low energy electrons is expected 

to have an impact on this area. 
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APPENDIX A: 

XPS SPECTRA OF PURE METALS 

The XPS survey scans of the pure metals used in the 

REELS investigations are furnished in this section. The 

spectrum of each metal is compared to a reference spectrum 

taken from the XPS handbook (A.1). The Al Ka line was used 

for all measurements with the exception of Ti and V in which 

the Mg Ka line was used. The reference spectra were taken 

with the Mg Ka line; thus, the peaks due to Auger processes 

are shifted by 233 eV in the spectra acquired with the Al 

Ka line. All metals except Pb were in the form of foils and 

cleaned by sputtering and annealing procedures. The Pb 

sample was a ca. 60 A thick film formed by vapor deposition 

onto a Ag substrate. 
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Figure A.l: XPS spectra of aluminum - a) experimental (AI 
~) and b) reference (M9 ~). 



>
t-...... 
tn 
Z 
uJ .... 
Z ...... 

a 

1000 800 600 400 200 0 
Bindin9 enersy. eV 

Cobalt, Co 

b 
MgKa 

1000 BINDING ENERGY (eV) 

293 

o 

Figure A.2: XPS spectra of cobalt - a) experimental (Al 
~) and-b) reference (Mg ~). 
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Figure A.3: XPS spectra of copper - a) experimental (Al 
~) and b) reference (M9 ~). 



>.... 
...... 
til 
Z 
W 
t
Z ...... 

295 

a 

1000 800 600 400 200 o 

b 

1000 

Figure A.4: 

Dinding energy. eV 

Gold, Au 

MgKa 

BINDING ENERGY (eV) o 

XPS spectra of gold - a) experimental (Al ~) 
and b) reference (Mg ~). 
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Figure A.S: XPS spectra of iron - a) experimental (Al Ra) 
and b) reference (Kg ~). 
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XPS spectra of lead - a) experimental (Al Ra) 
and b) reference (Ng Ra). 
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Figure A.7: XPS spectra of nickel - a) experimental (Al 

~) and b) reference (Mg ~). 
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XPS spectra of silver - a) experimental (AI 
~) and b) reference (Kg ~). 



>
t-
...... 
en 
z w 
t
Z ...... 

300 

1000 800 600 .400 200 o 

rz:I 
........ -rz:I -:z: 

b 

1000 

Figure A.9: 

Dlnuin9 energy. eV 

,. . .. 
t. :' '..; 
i.' I . 
I ,. 
I 

TItanium, TI 

MglCa 

BINDING ENERGY (eV) o 

XPS spectra of titanium - a) experimental (Mg 
1<..) and b) reference (Mg 1<..). 

----_ ._._ •• '0 .~ •• _ ••• " ••• ,-._ .• _., ..... _ ""~."_'~'.' 



>
t-
...... 
U1 
Z 
W 
t
Z ..... 

301 
a 

1000 800 600 400 200 o 

b 

1000 

Figure A.10: 

Binding energy. eV 

Vanadium, V 

MgKa 

BINDING ENERGY (eV) o 
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APPENDIX B: 

CALCULATIONS OF OVERLAYER THICKNESS FROM XPS DATA 

In the Pb vapor deposition experiments, XPS was used to 

determine coverages. This was accomplished using the 

following equations reported by Seah and Dench (A.2): 

I(S) = Io(S)exp(-x/As_A) 

I(A) = Io(A)exp(-x/AA) 

Io(S) = IoO'sps>'s-s 

Io (A) = IOO'APAAA-A 

>'s-s = 538/Es2 + 0.41 (asEs) 1/2 

AS-A = 

= 

538/E/ + 0.41(aAEs) 1/2 

(M x 1024
) / (pN) 

(B.1) 

(B.2) 

(B. 3) . 

(B. 4) 

(B.5) 

(B.6) 

(B.7) 

In these equations, I(S) is the intensity of the electrons 

from the substrate traveling through the substrate, I(A) is 

the intensity of the electrons from the adsorbate (or 

overlayer) going through the adsorbate, Io is the intensity 

of the source, 0' is the cross section of the excitation 

moni tored (for example, the Cu 2P3/2 peak), p is the atomic 

density, AS-S is the inelastic mean free path of a substrate 

electron through the substrate (A-A indicates an adsorbate 

electron through the adsorbate, and S-A indicates a 

substrate electron through the adsorbate), I (S) is the 
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attenuated intensity from the substrate electrons traveling 

through the substrate then the adsorbate, I (A) is the 

attenuated intensity from the adsorbate electrons traveling 

through the adsorbate, x is the thickness of the adsorbate 

layer, E is the kinetic energy of the photoelectron, a is 

the monolayer thickness in nm, M is the molecular weight of 

the element, and N is Avogadro's number. I(A) and I(S) are 

determined from p~ak area measurements of the strongest 

peaks in the XPS spectrum due to the substrate and 

adsorbate. Values for a and p are listed in the literature 

(A.l,A.3). ~ values are calculated using equations from 

Seah and Dench (A.2). By taking the ratio of I(S) to I(A), 

x is determined in the following manner: 

= 

IOaAPA~A_Aexp (-xl ~A) 

asps~s_sexp (-xl ~S-A) 

a APAloA-AexP (-xl loA) 

(B.8) 

Thus, in Equation B.4, only x is unknown. The program THICK 

determines x using the following steps: a) from an initial 

guess for the value of x, I (S) II (A) is calculated using 

Equation B.4, b) the calculated ratio is compared to the 



304 

ratio determined from the XPS peak area measurement, c) the 

difference in the ratios is evaluated. If this difference 

is greater than 0.001, the value of x is either increased 

or decreased, and the process is repeated until this 

criterion is met. The source code of this program is given 

below. 

Software using these equations to determine overlayer 

thic~nesses was first written by Brian Maschoff for Pb on 

Ag. This software was rewritten for the studies described 

in this dissertation in order to increase its applicability 

to other thin film investigati.ons. The main change in this 

software was to allow the user to input the (], p., and ~ 

values of the desired substrate and adsorbate. 



pC VARIABLe LIST 
C 
C EDBA= ESCAPE DEPTH OF SPECIES B THRU A 
C cDAA= ESCAPE DEPTH OF A THRU A 
C EDBB= ESCAPE DEPTH OF B THRU B 
C DPT= THICKNESS OF OVERLAYER A 
C AD= DENSITY OF SPECIES A (ATOMS PER CCI 
C BD= DENSITY OF SPECIES B (ATOMS PER CCI 
C XSA= SPECIES A CROSS SECTION 
C XSB= SPECIES B CROSS SECTION 
C AIM= MEASURED INTENSITY FOR OVERLAYER A 
C BIM= MEASURED INTENSITY FOR B 

TYPE 1 
1 fORMAT I 1111111111111/1//1 

TYPE *,' HANDY OVERLAYER ALGORITHM FOR XPS' 
TYPE *,' MODIFIED FOR LEAD ON COPPER' 
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TYPE *,' -----------------------------------------------------fYPE .,' IHl~ PROGRAM CALCULATES THE THICKNESS OF AN OVERLAYER' 
IY~t .,' Ur uN~ ~~tCIES ON ANOTHER FROM MEASURED PEAK AREAS' 
TYPE .',' CORRECTED ONLY FOR TRANSMISSION FUNCTION' 
fYPE .,' ENTER CROSS SECTION FOR OVERLAYER ISPECIES AI' 
ACCEPT *,XSA 
TYPE *,' ENTER CROSS SECTION FOR UNDERLAYER ISPECIES BI' 
ACCEPT *,X::lB 
TYPE *,' ENTER IMFP FOR OVERLAYER IA-)AI' 
ACCEPT *,EDAA 
TYPE *,' ENTER IMFP FOR UNDERLAYER IB-)BI' 
Al;(.;ti-'r 1t,t:UB~ 
TYPE It,' ENTER IMFP FOR UNDERLAYER THRU OVERLAYER IB-)AI' 
ACCEPT *, EDBA 
TYPE *,' ENTER ATOMIC DENSITY FOR OVERLAYER IATOMS/VOL X 10E221' 
ACCEPT *,AO 
TYPE It,' ENTER ATOMIC DENSITY FOR UNDERLAYER IATOMS/VOL X 10E221' 
ACCEPT *,BO 

2 TYPE 3 
3 FORMAT I II/II 
C 

TYPE *,' ENTER OVERLAYER INTENSITY IN COUNTS ISPECIES AI' 
ACCEPT .,AIM 
rYPE .,' ENTER UNDERLAYER INTENSITY IN COUNTS (SPECIES BI' 
ACCEPT *,BIM 
TYPE *,' ENTER FIRST GUESS FOR OVERLAYER THICKNESS lIN ANGSTROMS I' 
ACCEPT *,OPT 
CC=.OOOl 

10 CONTINUE 

C 
C 

SOI=EDAA*11-EXP(-OPT/EOAAII 
SUI=IEDBB.EXPI-OPT/EOBAII 
RIC=IAD*SOI*XSAI/ISUI*BO*XSBI 

C CALCULATE RATIO FROM MEASURED INTENSITIES 
RIM=AIMIBIM 

20 ROIF=RIM-RIC 
RSUM=RIM+RIC 
ZERO=O.OOOO 
ROM=RDIF/RSUM 
RDS=ABSIRDIFI 
IrIRDS.LE.CC1GO TO 40 
DPT=UPT.IOPT*ROMI 



GO TO 10 
"0 TYPE 50 
50 FORMArlllll,17X,'MEASURED' ,5X,'CALCULATED' ,5X,'THICKNESS' I 

rYPE ':is 
55 FORMAlI 19X, , RAT 10' .10X. 'RATIO' , 7X, • I ANGSTROMS I' I 

r YPF .... 0. I RIM. 1-11 r. . nPT L . 

60 FORMATIII,16X,lf8.4,6X,lF8.4,5X,lF8.41 
TYPE 80 

80 FORMATI/,3X,'TYPE 1 FOR MORE CALCULATIONS, TYPE 2 TO END' I 
ACCEPT If,JC 
IFIJC.EQ.IIGO TO 2 
STOP 
END 

306 
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APPENDIX·C: 

CALCULATION OF DISPERSION CONTRIBUTIONS 

In Chapter V, the data treatment method used to 

determine optical constants from REELS data was discussed. 

In order to account for dispersion effects, theoretical 

dispersion curves are determined by plotting the angle

dependent differential cross-section, a(9), as a function 

of the angle-dependent energy loss, ~E(9), where 9 is the 

scatter angle. These values are determine~ from Equations 

5.3 and 5.4 which are given in Chapter V. Calculation of 

the dispersion curve is accomplished through the program 

ELSAN2. The source code for this program is given below. 

In order to generate the dispersion curve, the user must 

input the following values (real numbers are required): a) 

primary ~eam energy in eV, b) Fermi energy of the sample in 

eV, c) electron density of the sample in electrons m-3
, and 

d) Fermi velocity of the sample in m sec-'. These values can 

be found in reference A.3. After the curve is generated, 

the results are stored to disk and later used in the data 

treatment method. 
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c Program =) ELSANG.FOR 
c September 17, 1987 - Jani Ingram 
c The purpose of this program is to generate a 
c dispersion function which is related to the 
c momentum transfer of the electron beam to 
c the metal in an EELS experiment. 
c 
c Set up parameters - array X = energy, array Y = probability, 
c ME = mass of electron Ikgl, KP = wave vector of primary 
c beam, NCOUNT = ~ounts number of data points, IFILE = 
c name of data file stored, HBAR = planck's constant, 
c EVTOJ = conversion from eV to J, EP = primary energy leVI, 
c EF = Fermi energy leVI, EDEN = electron density in metal 
c Im-31, WP = plasmon frequency, ALPHA = dispersion coeff, 
c ALPHST = corrected dispersion coeff, VF = Fermi velocity 
c Imlsecl, QC = critical wave vector of metal, THETAC = 
c critical angle, THETAE = angle without scatter, DELTAE = 
c dispersion energy as function of scatter, PROB = probability 
c of event occuring lintensityl 
c 
c 

c 

VIRTUAL X110001, DATI 10001, DUM I 1001 
REAL ME, KP 
ICURS1 = 0 
ISIZE = 1 
INTEGER IFILE IBI 
IESC=27 
DATA HBAR, EVTOJ, ME/6.5B22E-16, 1.6021BE-19, 9.1095E-31/ 
DATA IFILEI1', IFILEI21/'DL', '0:'1 
COMMON IDATI CTIME, ISRC, IMOOE, IFACT, IFILE 
COMMON THETA, THETE, TDELE, ALPHST, EP, HBARW, EF, DELEO, DELE 

C information to be typed in from keyboard 
C 
5 WRITE 15,101 
10 FORMAT 11X, 'Primary Energy I.V':", 

READ 15,151 EP 
15 FORMAT IFB.21 

WRITE 15,20 I 
20 FORMAT 11X, 'Fermi Energy leVI:'" 

READ 15,251 EF 
25 FORMAT IFB.ltl 

WR ITE I 5,30 I 
30 FORMAT 11X, 'Electron Density Im-31:'" 

READ 15,351 EDEN 
35 FORMAT IE11.ltl 

WR ITE I 5, 36 , 
36 FORMAT 11X, 'Plasmon Energy leVI:'" 

READ 15,371 HBARW 
37 FORMAT IFB.ltl 

WRITE 15, itO I 
'+0 FORMAT 11X, 'Energy Increment leVI:'" 

READ 15.,+51 EINCR 
'+5 FORMAT I F8.'+ 1 
C 



C - calculation of paramOeters 
C 

C 

WP = 56.4147 * EDEN ** 0.5 
ALPHA = 13.0 * EFI/IS.O * HBAR * WPI 
ALPHST = ALPHA * 11.0 - IIHBARWI EFI ** 2 I 16. II 
EFJ = EF * EVTOJ 
EPJ = EP * EVTOJ 
VF = 12.0 * EFJ I MEl ** 0.5 
QC = WP I VF 
KP = 11.4142*ME**0.S*EPJ**0.SI/IHBAR * EVTOJI 
rHETAC = QC I KP 
DELEl = HBARW 
THETE = DELEl I 12.0 * EPI 
PROBC = 1. I 12. * 3.1416 * 0.5292 * EDEN * 1.0E-301 
PROBl = PROse * THETE I THETE ** 2 
XllI = 0.0 
DATIl I = PROBl 
lHETA = 0.0 
CALL ERGITHETA,THETE,ALPHST,EP,HBARW,DELEI 
DELEO = DELE 
THETA = THETAC 
CALL ERGITHETA,THETE,ALPHST,EP,HBARW,DELEI 
DELEC = DELE 
CUT = 0.8 * DELEC 
ASEG = IDELEC - CUTI I EINCR 
NSEG = IFIXIASEGI 

C subroutine to find center of G-l function 
C 

C 

THETA = 0.005 
CALL DTHETCITHETE,THETA,ALPHST,EP,HBARW,DElEO,EFI 
CALL ERGITHETA,THETE,AlPHST,EP,HBARW,DELEI 
DELECR = DElE 
CRTH = THETA 
EDIF = DELECR I DELEC 

C loop calculating energy and probability 
C 

50 

C 

N = 1 
N = N + 1 
SDElE = IFlOATINI - 1.01 * EINCR 
TDElE = DELEO + SDElE 
TH = ITDElE I 12.0 * EP * ALPHSTII 
THETA = TH ** 0.5 

1 THETE ** 2 I 

C subroutine that calculates theta 
C 

CAll DTHETllTHETA, THETE, TDElE, AlPHST, EP, HBARWI 
C 
C finish energy and probability calculation 
C 

C 

THETS = THETA ** 2 + THETE ** 2 
PROS = PROBC * THETE I THETS 
XINI = SDELE 
DA TIN I = PROB 

C check to see if theta is less than critical angle 
e if so, calculates next increment - if not, stops .. ; 

309 



C 

IF ISDELE .GE. CUT' GO TO 60 
GO TO 50 

C calculates G-1 function 
C 
60 TFAC = PROB 

IA = 0 
'-Ia-="O 

NEI'D = N + NSEG 
GY1 = 0.0 

10 IA = IA + 1 
SOELE = IFLOATIIAI + 11 * ElNeR * EDIF 
lDELE = DELECR - SDELE 
TH = ITDELE I 12.0 * EP * ALPHSTII - ITHETE**21 
THETA = TH II 0.5 
CALL DTHETl ITHETA,THETE,TDELE,ALPHST,EP,HBARWI 
THETAS = THETA*12 + THETE**2 
DELEl = ALPHST * 2.0 I EP I THETAS 
DELE2 = -0.~1619 * IALPHST * EP * THETASII*2 I HBARW 
DELE3 = IEP I THETASII*2 I 12.0 * HPARWI 
TOEL = HBARW + DELEO + DELE1 + DELE2 + DELE3 
FA IEF I IEP * THETAS I '**0.5 / 2.0 
FB TDEL / EF 
FC = 2.0 * IEP * THETAS I EFI**O.S 
FD = EP * THETAS I EF 
FY = FA * IFB - FC - FDI 
GY = 1.0 I ALOGI1.0 I FYI 
IF IIA .EO. 11 GYl = GY 
OIFF = ABSIGY - GY11 
GY1 = GY 
IF IDIFF .LT. 5.0 . AND. OIFF .NE. 0.01 GO TO 80 
GO TO 10 

80 IB = IB + 1 
IF lIB .EQ. 11 AFAC = GY 
DUM' IB I = GY 
IF lIB .NE. NSEGI GO TO 70 
FFAC = TFAC I IGY - AFACI 

90 N = N + 1 

C 

XINI = FLOATINI * ElNeR 
DAT'NI = IOUMIIBI - AFACI * FFAC 
IB = 18 - 1 
IF IN .LT. NENOI GO TO 90 

310 

C pause in program, return begins subroutine which plots data 
C 

PAUSE 
TYPE 100,IESC,lESC 

100 FORMAT! '+' ,Al,'C2J' ,Al,'CH' I 
TYPE 110, IESC 

110 FORMAT!'.' ,Al, '7' ,S I 
CALL REGPLT 'X, OAT, N, leURS1, ISIZE' 
TYPE 120, IESC 

120 FORMAT' '.' ,Al,'8',S' 
C 
C subroutine allows you to save data to disk 
C 

WRITE 15,130 I 
130 FORMAT 11X. 'Save to disk, Y/N?'" 

READ IS,l~OI REPLY1 
1~0 FORMAT 'All 



IF IREPLYl .NE. 'Y'I GO TO 170 
WRITE 15,1501 

150 FORMAT I lX, 'Enter Filename DY1:'SI 
READ 15,1601 IIFILEIII, 1= 3, 81 

160 FORMAT 16A21 
eALL STORE IX, OAT, NI 

e 
e subroutine to make hard copy 
e 
170 lYPE 100,IESe,IESC 

TYPE 180 
180 FORMAT I 1X,'Hardplot? ' ,SI 

ACCEfJT ·190, IANS 
190 fORMAT I An . 

XMAX=DATlll 
IFIIANS.EQ.1HYICALL PLOTRIX,DAT,N,XMAX,1,1,21 

e 
C allows you to restart program 
C 

WRITE 15,2001 
200· FORMAT I1X, 'Determine new function, Y/N?:'SI 

READ 15,2101 REPLY2 
210 FORMAT CAlI 

IF IREPLY2 .EQ. 'V' I GO TO 5 
STOP 
Er-D 

FUNCTION ERGITHETA,THETE,ALPHST,EP,HBARW,DELEI 
C 
C The purpose of this subroutine i& to determine 
C energy using the 3 term dispersion relationship 
C for a given value of theta. 
C 

THETS THETA**2 + THETE**2 
DELEA = ALPHST * 2.0 * EP * THETS 
DELEB = -0.~7619 * IALPHST * EP * THETSI**2 I HBARW 
DELEe = IEP * THETSI**2 I 12.0 • HBARWI 
DELE = DELEA + DELEB + DELEC 
RE1URN 
EfIV 

311 
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APPENDIX D: 

DESCRIPTION OF REELS SOFTWARE 

The purpose of this section is to overview the software 

used to determine optical constants from REELS data and give 

a step-by-step procedure for future users. Background 

concerning the basis for the data treatment method is given 

in Chapter v,. 
Four programs are used in the determination of 

dielectric constants from REELS data: they are FSTAR, UTILS, 

ELSAN2, and RELCOV. FSTAR, UTILS, and RELCOV were written 

by Ken Nebesny. ELSAN2 was written by the author and 

described in Appendix C. All four programs were written in 

FORTRAN IV for the DEC LSI PDP-ll/23 minicomputer. Virtual 

memory is accessed in FSTAR, UTILS, and RELCOV. 

FSTAR is designed to do deconvolutions using fast 

Fourier transforms (FFTs). It is a general purpose program 

which allows the user to deconvol ve one function from a 

second function with the option of employing an adjustable 

parameter to improve the deconvolution. . 

UTILS is also a general purpose program which allows the 

user to modify the data file. Some examples of 

modifications which can be accomplished with UTILS include 
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changing the energy axis from kinetic energy to energy loss, 

extending the x-axis, multiplying each data point by a 

scalar, and smoothing the data. 

RELCOV is used to perform the Kramers-Kronig analysis 

(KKA) for determination of the complex dielectric function 

and calculation of the dielectric constants. The KKA is 

performed using a Hilbert transform (A.4). 

REELS data necessary to determine Im[-l/~], €" and €2 

values include a spectrum with the bulk properties dominant 

(primary beam energies > 200 eV) and a spectrum with the 

surface properties dominant (primary beam energies < 200 

eV). Both spectra must have the same energy increments. 

In the rest of this section, specific instructions are 

given in order to use these programs for REELS data 

treatment to determine dielectric constants. In addition 

to these instructions, it is suggested that the user become 

familiar with the DEC LSI PDP-11/23 minicomputer. (Note that 

characters within the brackets, [], are to be typed followed 

by a carriage return.) 

1. Surface plasmon removal 

a) Run FSTAR. 
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b) Type [P] for parameters menu. Change deconvolution 

function to primary peak by typing [A], apod. 

function, then [P], primary peak. Change the decay 

cut-off value from 0.02 to 0.001 by typing [0] then 

[0.001]. Also, the disk drive can be changed at 

this point if the data is on floppy rather that the 

hard disk. (The default drive is OLO.) 

c) Enter the 1500 eV data by typing [L] then the 

filename. 

d) Enter the 200 eV data by typing [E], for external, 

then the filename. 

e) Perform the deconvolution by typing [0]. The 

program will come back with "Pause --- *invalid 

tail length*", return then type [A], auto scale. 

f) After the deconvolution is complete, the 

deconvolution menu appears along with the results 

of the deconvolution. At this point a scaling 

factor can be used to improve the deconvolution. 

To do this, type [S], then the desired scaling 

factor value as a real number. To see the results, 

type [C] for cursor, to obtain the graphics menu. 

These graphics are similar to the other LESSA 

software cursor routines which are explained in 
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detail in the LESSA software manual (A.5). Type 

[Q], quit, to get back to the main menu. 

g) To store the results, type [S], store, then [R], 

results, enter filename. 

2. Plural scattering Removal 

a) Run FSTAR, if it is not already running from the 

surface plasmon removal step. 

b) Load results of surface plasmon·removal by typing 

[L] then entering the filename. Type [0], data, 

for second function. 

c) The next step involves removing the primary peak 

of the model function. Type [G], graphics, then 

[C], cursor. Cut-off the primary peak by placing 

the cursor just to the low energy side of the peak. 

Try to maximize the energy loss information while 

minimizing the information associated with the 

primary peak. Type [R] to cut the right side of 

the spectrum, then [E] to exit the cursor routine. 

d) Return to the main menu and begin the deconvolution 

by typing [0]. 

e) Once the deconvolution is complete, return to the 

main menu. store the results by typing [S], then 

[R] and type the filename name. 
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f) Return to the main menu and exit FSTAR. 

3. Adjust Data for KKA Calculations 

a) Run UTILS 

b) Load the surface plasmon and plural scattering 

treated data by typing [L], then the filename. 

c) Flip-flop the x-axis by typing [V], reverse. 

d) Change x-axis from kinetic energy to energy loss, 

or 6E, by typing [T] then entering the energy of 

the primary peak as a negative value, for example,' 

-1503.3. 

e) Fill in data points so that the first point begins 

at x = 0, y = 0 by typing [F], fill. This is 

necessary due to the removal of the primary peak. 

When this process is complete, the program goes to 

the cursor routine. Note, in filling these points, 

the maximum 6E value becomes very strange, either 

large negative or positive value. It can be 

removed by placing the cursor a few points to the 

low energy-side of the strange point and typing 

[R]. Once this accomplished, exit the cursor 

routine by typing [E]. 

f) Save the results by typing [A], then the filename. 

CAUTION should be taken at during this step as 
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failure to enter a filename before returning cause 

the program to destroy the directory of the disk 

that the file was to be saved to. 

g) Quit UTILS by typing [Q). 

4. Application of KKA 

a) Run RELCOV 

b) Load the file which has been adjusted using UTILS. 

c) Go to the corrections menu by typing [C]. 

d) If the dispersion function is to be deconvolved, 

type [0] and enter the dispersion function 

calculated previously using ELSAN2. 

e) Type [El, extrapolate, to extrapolate the function 

to zero at zero energy loss. Type [0], Orude. The 

cursor routine will come up. Place the cursor at 

the minimum value of AE at which the curve 

approaches zero, and type [Pl. Place the cursor 

on the low energy side of the maximum value of the 

first distinguishable peak in the spectrum, and 

type [Pl. Enter the ca. FWHM of the primary peak. 

Once this complete, the result of the extrapolation 

will be shown with the cursor routine. Type [E] 

to exit, then return. If the extrapolation is 
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satisfactory, return to corrections menu; 

otherwise, type [R] to reenter the spectrum. 

f) To begin the KKA, type [K]. The program normalizes 

the spectrum then displays the normalization with 

the cursor routine. To exist this routine, type 

[E]. After the KKA is complete, a menu appears 

which allows you to display €" [R], €2' [I], and 

Im[-I/€], [D]. 

g) To store the results, return to the main menu and 

type [S], store. The €, values are stored under 

[I], the €2 values are stored under [R], and the 

Im[-I/€] values are stored under [D]. (Note the 

reversal of the [R] and [I].) To store these 

values, type the correct letter and enter the 

filename. 

h) Return to the main menu and type [Q], quit. 

It is important in using these programs to be consistent 

in any decisions which involve judgement on the part of the 

user, for example, cutting-off the primary peak. In 

particular, this is important when data treating spectra to 

be compared. 

The most difficult aspect of using these programs is in 

extrapolating the lower energy loss region back to zero 
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using a Drude model. This is difficult because a great deal 

of judgement is necessary in choosing the reference points 

used for the extrapolation. 

The ultra-thin film results were determined using the 

steps listed above with the following exceptions: 

1. The 200 eV data was used exclusively to determine 

the optical constants. 

2. The surface plasmon deconvolution step was omitted. 

3. A scaling factor of 0.1 was used in the plural 

scattering deconvolution step. This was necessary 

as larger scaling factor values degraded the 

spectrum. 

4 • The Drude extrapolation was optimized for the 

substrate spectrum, and those conditions were used 

for the ultra-thin film spectra. 
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