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ABS'IRACT 

An Instrument for Experimental Secondary Electron Emission Investigations. 

with Application to the Spacecraft Charging Problem 

by 

Robert E. Davies, Master of Science 

Utah State University, 1996 

Major Professor: Dr. John R. Dennison 
Department: Physics 

w 

Secondary electron emission (SEE) and incident-particle backscattering are 

important processes accompanying the impact of energetic electrons and ions on surfaces. 

The phenomena play a key role in the buildup of electrical charge on spacecraft surfaces. 

and are therefore of particular interest to scientists attempting to model spacecraft charging. 

In response to a demonstrated need for data, techniques for detennining total secondary 

electron (SE) and backscatter (BS) yields o and 11, and associated scattering-angle­

resolved, scattering-energy-resolved, and simultaneous angle-energy-resolved yields have 

been developed. Further, an apparatus capable of making the necessary measurements for 

experimental determination of these quantities-for conducting materials in an ultra-high 

vacuum environment-has been designed, constructed, and partially tested. The apparatus 

is found to be in working order, though in need of fine-tuning, and the measurement 

technique successful. 

Investigations using a 1-3 keV beam of monoenergetic electrons normally incident 

on bulk Al have been undertaken with the new apparatus. Electron-stimulated desorption 

of surface contaminants has been observed, as has been beam-induced carbon deposition, 

and an empirical model describing the resulting dynamic evolution of 6 is presented. Total 



iv 

6 and T\ values obtained in the present investigation are found to be in qualitative agreement 

with the results of previously reported investigations, though quantitative disagreement of 

6-values is substantial. Specifically, evidence is presented suggesting that previously 

reported SE yields for clean Al under electron bombardment (in the 1-3 ke V energy range) 

are in error by as much as 30 %. 

(221 pages) 
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CHAPTER! 

PURPOSE AND PLAN 

1. 1 Introduction 

Scientific observation occurs on many levels. Generally, it can be qualitative (there 

are two kinds of electric charge-Benjamin Franklin, 1747) or quantitative (charged objects 

exen forces on each other according to Coulomb's law-Charles Coulomb, 1785). Also, 

the observer may be investigating the specifics of a well-known phenomenon or object 

(e.g., the charge of a single electron-Robert Millikan, 1913), or feeling around the edges 

of little-understood events (Benjamin Franklin flying his kite). If the purpose of an 

investigation is to better understand fundamental physical processes, and if the observer 

actively alters (or creates) the events being observed, he or she has entered the realm of 

experimental physics. 

Of prime imponance in experimental physics is the method of observation. Once 

the experimenter has determined what to observe, there is the question of how to observe. 

For example, the temperature of a piece of metal may be investigated qualitatively by touch 

(it feels hot or cold) or by sight (it appears red hot or white hot). Quantitatively, the metal's 

temperature might be determined with a mercury thermometer (employing the principle of 

thermal expansion), or perhaps a pyrometer (utilizing the temperature dependence of optical 

spectra). 

In short, the challenge of experimental physics is the application of known physics 

toward the discovery of unknown physics. This thesis deals primarily with this 

challenge-that is, the design, construction, and testing of an instrument capable of making 

a panicular (quantitative) observation-and is therefore predominantly an instrumentation 

thesis. Nevertheless, significant physical discovery is present as well. 
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1.2 Purpose 

This thesis describes an instrument that has been designed, constructed, and 

partially tested for the purpose of addressing a number of general inquiries. Specifically, 

given a flux of energetic charged particles (e.g., electrons or ions) incident on a conducting 

surface, 

(i) what fraction of the incident particles are reflected (backscattered) from 

the surface, at what angles, and with what energies?, 

(ii) how many electrons per incident particle are ejected (secondary emitted) 

from the surface, at what angles, and with what energies?, and 

(iii) what material properties and surface conditions affect these results? 

1.3 Plan 

Material in this thesis is organired in the following format: (i) motivation, (ii) 

instrumentation, and (iii) observation. As a guide to the reader, a brief overview in the 

form of a tour through this thesis is now presented. The notation (3.2.4) is used to indicate 

Section 3.2.4 (i.e., Chap. 3, Sec. 2.4). 

Knowledge of motives underlying the questions stated in (1.2) is not prerequisite to 

an ability to answer them, or to understand their answers. Aesthetically, however, 

unmotivated science is at best unsatisfying, and usually incomplete. Chapter 2 is therefore 

presented as motivation for the science that follows. Secondary electron emission (SEE) 

and incident-particle backscattering are addressed from the perspective of the spacecraft 

charging problem and attempts to model charging phenomena. It is found that 

backscattering and SEE characteristics of a great many spacecraft materials are unknown­

as are the effects of surface contamination on these processes-and that this lack of 

information is a serious handicap to spacecraft charging modeling efforts. 
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Once motivated, the quantities for which experimental values are to be detennined, 

imponant experimental parameters, and a general measurement scheme are presented in 

Chapter 3. Specifically, eight quantities are identified for determination and a measurement 

scheme for each is given. Chapter 4 then describes the experimental apparatus that has 

been designed and constructed to perform the necessary measurements, as well as specific 

measurement technique. [Note: It is important at this point to distinguish between the tenns 

determined quantity and measurement. A measurement involves an actual physical 

observable, such as electric charge (or current). Determined quantities, such as numbers of 

charged particles, are not actually measured, but inferred (calculated) from measured 

quantities.] 

Once conceived and built, an apparatus and technique must be tested before 

confidence in results can be achieved. Chapters 5, 6, and 7 address this point. 

Perfonnance characteristics of the various pieces of support equipment (e.g., the vacuum 

system, electrometers, and electron guns) are reviewed in Chapter 5, along with some 

characteristics of the detection equipment Chapter 6 gives the results of measurements 

perf onned for energetic electrons incident on bulk aluminum, and Chapter 7 compares 

these results with analogous measurements found in the literature. From this comparison, 

conclusions are drawn regarding experimental design. 

Finally, a summary of results is presented in Chapter 8. Strengths and weaknesses 

of the apparatus are discussed, including the need for equipment modifications and further 

testing, and a proposed plan of study incorporating this apparatus is presented. The thesis 

concludes with a list of extended research topics that may be addressed with the apparatus 

and techniques described. 
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THESPACECRAFfCHARGINGPROBLEM 
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Emerging as a subfield of the study of electric potentials on all surfaces in space, 

ranging from dust grains to planets, 1 spacecraft charging has matured in its own right over 

the past four decades. This chapter summarizes results and ongoing research in this field 

insofar as to motivate experimental work presented in later chapters. The phenomenon is 

defined (2.1), a summary of observations is presented (2.2), and the importance of 

charging in the context of spacecraft operations is reviewed (2.3). Theoretical formulation 

of the spacecraft charging problem in the near-Earth environment is then overviewed (2.4), 

followed by a more detailed discussion regarding the role of SEE and backscattering (2.5), 

and attempts to model these phenomena (2.6). 

For the interested reader, more exhaustive accounts of the spacecraft charging 

phenomenon can be found in a number of excellent review articles, chief among them 

"Potentials on Surfaces in Space" by E.C. Whipple1 and "The Charging of Spacecraft 

Surfaces" by H.B. Garrett.2 Also, Frooninckx3 gives an excellent summary of passive 

spacecraft charging in the low-Earth orbit (LEO) polar environment. 

2.1 Definitions 

Spacecraft charging occurs when positively or negatively charged particles 

accumulate on or are removed from a space vehicle's surface such that a net charge 

imbalance induces an electric potential difference between the spacecraft and surrounding 

neutral plasma.3 Passive charging refers to a charge imbalance resulting from natural 

interactions (i.e. exchanges of charged particles) between the spacecraft and its 

environment, while active charging is achieved by artificial means (e.g. the controlled 

ejection of charged particles from the vehicle by ion or electron guns). Differential 

charging refers to an uneven charge distribution over the spacecraft surface, creating a 
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potential difference not only between the vehicle as a whole and the surrounding plasma, 

but between different portions of the vehicle itself. (Such charging occurs because most 

spacecraft surfaces are not electrically unifonn; rather, they comprise a checkerboard of 

alternately conducting and insulating surfaces. The resulting inability of a given surface 

element to equitably distribute any accumulated charge to the rest of the spacecraft, coupled 

with anisotropic source currents, leads to differential charging of the vehicle.) 

2.2 Spacecraft Charging Observations 

In situ observations of spacecraft-to-plasma potentials were almost immediate with 

the advent of routine rocket investigations of the lower ionosphere in the mid-1950's.1,2 In 

the 40 years since, the phenomenon of spacecraft charging has been well documented in 

every environmental regime investigated. A detailed review of these observations through 

1981 can be found in Garrett,2 and Frooninck:x3 summ~ additional imponant 

observations through 1991. Observed charging levels span a considerable spectrum; 

potentials of a few tenths of a volt are the nonn in the lower ionosphere (-70-200 km), 

undisturbed magnetosphere and interplanetary space, while multi-kilovolt charging events 

are not uncommon at geosynchronous (-36,000 km) altitudes4-7 (see Fig. 2-1). Indeed, 

the most severe potential to date, -19 kV, was reponed aboard the Advanced Technology 

Satellite (ATS) in the geosynchronous regime.5 Moreover, recent studies have shown that 

charging levels of several hundred volts8,9 to greater-than-kilovolt charginglO can occur 

even in the LEO polar environment (-300-1000 km), where previously it had been thought 

that relatively high ambient plasma densities would suppress the development of severe 

spacecraft-to-plasma potentials. 

The discovery of kilovolt charging at LEO altitudes has lead to NASA concerns 

over Space Shuttle charging in this environment. Underscoring these concerns is a study 

by Hall et al., 11 which suggests that a several-kilovolt potential difference could arise 



between the Shuttle and an extra-vehicular-activity (EV A) astronaut in polar orbit in the 

upper ionosphere. Such a life-threatening possibility emphasizes the importance of the 

phenomenon, though is something of a special case. Of more immediate concern to the 

community of space scientists and spacecraft designers is the broad range of day-to-day 

operational impacts. 

2.3 Charging Effects 

The importance of spacecraft charging as a discipline stems from its effects on 

6 

space operations-i.e., on spacecraft systems and in situ observations of the space 

environmenL Documentation of such effects is widespread;l.2.12.13 Grard et a[.12 gives a 

detailed review of the subject, and Frooninckx3 points out that over 80 references on 

spacecraft charging effects are cited by Balmain.13 Charging effects arise from both overall 

and differential vehicle charging. Development of an overall electric potential between a 

spacecraft and its plasma environment is not generally damaging to spacecraft systems;3 of 

concern to the space-science community, however, are pronounced effects on in situ 

environmental observations such as charged particle counts and electric and magnetic field 

measurements.1,12 Indeed, in perhaps the first paper on the subject of spacecraft charging, 

Johnson and Meadows14 theorized that certain RF mass spectrometer readings above 124 

km of altitude were the result of a negative vehicle potential. 

Differential charging poses many of the same difficulties to space-environmental 

investigations as does an overall vehicle potential,15-17 though it has attracted considerably 

more attention as a result of deleterious effects on spacecraft systems. Garrett2 has 

summarized the strong evidence linking the occurrence of operational spacecraft anomalies 

with vehicle potential. Buildup of electric potentials between components can lead to 

electrostatic discharge, or arcing, which can lead to operational anomalies either by 
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direct current injection into onboard electronics, or by means of an electromagnetic pulse 

created by the arc.13, 18 Component failure as a result of dielectric breakdown through 

charge deposition has been the subject of several investigations.13,19,20 Resulting anom­

alies range in severity from negligible to extreme; Wadham21 has reported the temporary 

loss of control of a satellite and subsequent fuel loss as the result of an electrostatic 

discharge, while Shaw et al. 22 believe this effect responsible for the loss of an entire 

spacecraft! 

Attempts at preventing or minimizing adverse effects of spacecraft charging have 

met with some success, and have generally followed one of two tracks: (i) hardening 

onboard systems to better deal with electrostatic discharging, and (ii) reducing charging 

levels. One method of reducing charging levels has been the development of electro­

statically clean surfaceslS,23,24 (i.e., surfaces not prone to charging, due in part to material 

propenies). Another approach has been the use of active charging control through charged 

particle emission25 or neutral plasma emission. 26 In conjunction with attempts to design 

spacecraft that are less susceptible to charging has been an intense effort to accurately 

model this phenomenon (an effort that includes the work presented in this thesis), allowing 

the realistic evaluation of new designs before they are constructed and launched. The focus 

of this review now turns to ongoing modeling efforts. 

2.4 Charging Theory and the Current Balance Equation 

The fundamental task facing spacecraft modelers is the solution of Poisson's 

equation 
V2<p = -41tp (l) 

for the spacecraft-to-plasma potential <p, where p is the (surface) charge density of the 

spacecraft Among many complexities associated with solving this equation (for the highly 

dynamic and nonlinear case of a charged object moving in a time varying plasma) is the 
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need to accurately determine p. This requirement, in tum, necessitates the identification 

and accurate representation of all sources of charge transfer to and from the spacecraft 

surface-Le., all sources contributing to p. Such a task leads to the notion of source 

cu"ents and the current balance equation. 

Charging of a spacecraft surface (implying a dynamic process in which the 

spacecraft transitions from one equilibrium potential to another) occurs when the sources of 

charge to and from the spacecraft, Jk (source currents), are unbalanced, resulting in a net 

flux of positive or negative charge. The net flux can be written 

(2) 

Charging continues until the various positive and negative Jir-which are themselves 

functions of <f>-are balanced and an equilibrium potential is attained; that is, until J Mr = 0. 

Specific identification of individual source cUITents, then, is the first task facing modelers. 

Theorizing about the nature and magnitude of natural source currents to and from 

surfaces in space began well before in situ measurements were possible, 27-29 in a time 

when popular opinion held that the space environment was a single, relatively homogenous 

region. In situ observations over the past 40 years, however, have revealed a vast 

spectrum of space environmental regimes whose physical characteristics-e.g., magnetic 

fields, illumination, and particle species, energies, and densities-can and do vary 

dramatically.30.31 Source currents to a spacecraft, therefore, are characteristic of its 

operating environment. Most often of interest is that region within Earth's magnetoshpere, 

itself composed of widely varying environmental regimes, (see Fig. 2-2 and Table 2.1) 

where the vast majority of spacecraft operate. 
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TABLE 2.1. Environmental parameters of orbital regimes within Earth's 
magnetosphere. 
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Magneto tail 

Plasma Density Characteristic Energy 
Region Altitude (#cm-3) (eV) 

ions electrons 

LEO 150km 103 - 105 0.05 - 0.1 0.1 -0.2 

1000km 104 0.2 - 0.3 0.2 - 0.4 

Plasmasphere 1000km-5RE 104 - 10 <l <1 

Geosynchronous 5.62 RE 2 5000 2500 

Magnetospheric high latitudes 0.1 200 200 
Cusp above 1000 km 
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In this regime, with artificial sources neglected (passive charging), Eq. (2) takes the form 

for a spacecraft at equilibrium potential. 3 The individual Jt. represent current fluxes due to 

ambient ions ( J) 

ambient electrons ( l,) 
energetic (precipitating) ions of magnetospheric origin ( J int) 

energetic (precipitating) electrons of magnetospheric origin ( J _) 
photoemitted electrons ( J p1i) 

secondary electrons due to impacting energetic electrons ( J 2e) 

secondary electrons due to impacting energetic ions ( 12e) 

secondary ions due to impacting energetic electrons ( 12ie) 

secondary ions due to impacting energetic ions ( J2ii) 

backscattered electrons ( Jbse) 

backscattered ions ( J bs;) 

This situation is depicted schematically in Fig. 2-3. Equation (3) is referred to as a current 

balance equation, and is the most general form of this equation for a spacecraft within 

Earth's magnetosphere.3 The success of spacecraft charging models, such as NASA's 

NASCAP, NASCAP LEO, and POLAR codes, begins with accurate modeling of each of 

the Jt.. A summary of each of the terms is therefore presented next. 

2.4.1 Ambient Particle Flux 

The ambient plasma environment for spacecraft within the Earth's magnetosphere 

varies significantly. Particle densities vary with altitude by up to six orders of magnitude 

from the upper ionospheric to geosynchronous regimes, and average ambient plasma 

temperatures vary from a few electron volts in the plasmasphere to more than 10 keV in the 

plasmasheet32 (see Table 2.1). In addition, particle densities can vary by several orders of 

magnitude within the same altitude regime depending on latitude, solar cycle, and local 

time, and ambient temperatures can vary with species.3 While such variations clearly affect 

the magnitudes of Ji and le, these fluxes are approximately self-balancing (i.e., Ji =-le) 



Spacecraft 

FIG. 2-3. Schematic depicting source currents to and from a 
spacecraft operating within Earth's magnetosphere. 

for an uncharged spacecraft and therefore do not contribute appreciably to net charge 

accumulation. [NOTE: An exception to this can be found in low-earth orbit, where a 

desparity between thermal velocities allows ambient electrons access to the rear surface of 

an orbiting spacecraft, and denies such access to the ambient ions. In this case, Je and Ji 

clearly are not self-balancing.] For a charged spacecraft, however, Je and Ji must be 
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modeled The nature of Earth's ambient plasma environment has been well-characterized 

both observationally33,34 and from a modeling standpoint, 35.36 enabling the fonnulation of 

ambient current flux tenns such as those given by Garrett. 2 

2.4.2 Precipitating Particle Fluxes 

Generally believed to originate from deep within the Earth's magnetotail, highly 

energized streams of charged particles-mostly electrons and protons-are periodically 
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injected into the plasmasphere, tracking along Earth's magnetic field lines into the auroral 

region of the upper ionosphere. These precipitating particles comprise highly anisotropic 

currents to which orbiting spacecraft are periodically subjected, and their importance as 

driving terms of vehicle potential in the LEO polar regions, as well as in near­

geosynchronous regimes, is well established.4-lO Charge deposition by energetic electrons 

and ions does not generally occur simultaneously, nor at equal levels, and therefore J _ 

and J;,,, do not represent self-balancing terms. Extensive in situ energy-resolved 

observations of these particle populations37-39 have enabled accurate modeling of these 

terms. 8 The finding by Hardy et al. 37.38 that fluxes of energetic electrons in the energy 

range 3-30 ke V are typically 1-2 orders of magnitude greater than for ions of similar energy 

has lead some researchers to discard the J;,,, term altogether as unimportant (see, for 

example, Ref. 8), though such an action may be premature [see (2.5.2)]. 

2.4.3 Photoemission 

Jung (1937) theorized that photoemission would play a dominant role in the electric 

charging of dust grains in interstellar space. Cosmic dust grains notwithstanding, in situ 

observation has shown photoemission is indeed one of the dominant processes in the 

charging of spacecraft surfaces.40 Photoemission is a function of both the incident 

electromagnetic spectrum and surface material, as well as vehicle geometry. The solar 

spectrum and intensity for spacecraft in the near-Earth environment is well-characterized, 

and considerable experimental work has been done to obtain photoelectron yields for 

various spacecraft materials, 1 (though Garrett2 points out that photoemission properties of 

many materials are still unknown). Typical expressions used to model the photoelectron 

flux can be found in a number of references.1,2.41 



14 

2.4.4 Backscattered and Secondary Fluxes 

Energetic charged particles impacting on solid surfaces effect a number of 

interesting and important phenomena. Referring to Fig. 2-4, incident particles may be 

absorbed, scattered, cause the ejection (secondary emission) of particles originally residing 

within the surface (e.g., electrons or ions), or stimulate the emission of photons. 

Absorption of impacting particles represents a contribution to the Ji, Je, J em , or Jim 

terms, depending on charge and origin. Backscattering refers to elastic or inelastic 

scattering of incident (primary) particles, and its role in overall current balance is accounted 

for by the J,_ and Jbsi terms (for electrons and ions, respectively). Secondary emission 

refers to the ejection of surface particles as a result of primary particle impacts, and is 

described by the 12ee• 12ei' J2ie, and lw terms. Backscattered and secondary currents are 

functions of the fluxes of incident particle species and energies, and therefore do not 

contribute equally to current balance. In particular, because incident energetic electron 

fluxes are much greater than those for ions, and because incident electrons produce 

relatively few secondary ions42 (as a result of the tremendous mass differential between 

electrons and ions), J2ei• J2ie• 12;;, and 11,n are often regarded as small in the current 

balance equation and neglected.2.8,41 The remaining backscattered and secondary terms, 

J2ee and Jbse, have been flagged by researchers as highly relevant to the charging process40 

and, together with J2e; and J bti' are the focus of this thesis. An expanded discussion on 

the nature of these terms, their importance, and how they are modeled is therefore 

warranted. 

2.5 Importance of Secondary and Backscattered Tenns 

Studies conducted over the past 25 years have revealed a correlation between the 

spectra of incident energetic electron populations, and the severity of charging experienced 

by spacecraft at a variety of altitudes.3,5,7,10,43 Most recently, Frooninck:x and Sojka10 
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FIG. 2-4. Physical processes resulting from energetic electron bombardment of a 
surface. Primary electrons (PE's) can be backscattered (BSE), produce secondary 
electrons (SE1), or result in the emission of photons (y). Also, backscattered electrons 
can produce secondary electrons (SE2) and Auger electrons (AE). Shaded regions 
represent volumes of electron trajectories, with trajectory densities increasing with 
darkness (adapted from Ref. 45). 
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were able to correlate severe charging of Defense Meteorological Satellite Program (DMSP) 

spacecraft in the LEO polar environment with enhanced electron fluxes of energies ~ -10 

ke V. Additionally, Gussenhoven and Mullen 7 were able to demonstrate a similar effect for 

the P78-2 SCATIIA spacecraft-operating at geosynchronous altitudes-for enhanced 

fluxes of electrons with energies~ -54 keV, coupled with simultaneous reductions in 

fluxes of electrons with energies S-4 keV. Such observations are easily understood from 

the point of view of secondary electron emission (SEE). While the details of modern SEE 

theory can be quite complex (see, for example, Ref. 66), a brief overview of SEE 

fundamentals will be more than adequate to illustrate the connection between Jan and 

spacecraft charging levels. 

2.5. l SEE Theory 

A portion of the energy deposited in a material by impacting incident particles may 

is available for absorption by electrons residing within the material. Electrons that absorb 

enough of this energy to (i) free themselves from the potentials binding them to their 

location within the material, (ii) migrate to the surface via elastic and inelastic collisions, 

and (iii) escape the potential at the surface, are emitted as secondary electrons (SE's). 

While it is impossible to precisely distinguish (experimentally) which electrons have been 

secondary-emitted and which have been backscattered, previous studies44,45 have 

demonstrated that most SE's (-90%) have energies < -15 e V, regardless of the 

circumstances surrounding their production (see Fig. 2-5). This has lead to the somewhat 

arbitrary (though necessary) definition of SE's as those scattered electrons whose energies 

are 5 50 e V. 46,47 It has also been determined that SE's originate from a thin emission layer 

near the surface, typically on the order of tens of angstroms thick (for metals).42.48 This is 

contrasted with the much greater penetration depth of hundreds of angstroms for primary 

electrons (PE's) with energies~ -1 keV. Primary electrons with 2 keV of energy incident 



-"' til en -0 
II., 

..8 60 

e 
:, z 40 

~ ·= 20 cu 
'i3 
~ 

IZ 14 16 18 20 

Energy(eV) 

FIG. 2-5. Typical secondary electron energy spectrum (adapted 
fiom Ref. 41) 

17 

on aluminum, for example, have a penetration depth of 700 A,49 while the depth of the SE 

emission layer is only 50-80 A.so 

The number of SE's produced for every primary electron, then, will depend on­

among other things-the energy of the PE's and the material being bombarded. The nature 

of the material (e.g., conductivity, work function, and atomic number) will detennine how 

much energy an electron must absorb to escape. The energy of the PE will detennine the 

amount of energy deposited in the emission layer; that is, higher-energy PE's (which 

deposit most of their energy deeper within the material) will not liberate as many SE's as 

will lower-energy PE's (which deposite a higher fraction of their energy within the 

emission layer). illustrating this point, Fig. 2-6 is a typical SEE curve, showing the 

number of SE's emitted per incident PE-tenned the SE yield-as a function of incident 

energy. 

Also, it is important to note the role of backscattered electrons (BSE's) in SE 

production. Recall that BSE's are primary electrons that have impacted the material, 

undergone elastic and/or inelastic scattering within the material, and re-emerged from the 

material. Figure 2-7 is a typical BSE spectra, and shows that a majority of BSE's emerge 



0 

1.4 ,---------------------, 

1.2 

1.0 

~ae­
>a6 • 
tJ:l 
(l)o.4 

02 

0 l-.J...J..LJUia:1.-LJLI.mlll-.LLJI..LWJl__JLI.J.ILWIL-L.U.Umt:==-....,...,_.""'6jWMiU 
I 10 · l02 101 104 105 106 107 

Incident Electron Energy (e V) 

FIG. 2-6. Dependence of SE yield on primary energy (data is for 
electrons incident on aluminum-adapted from Ref. 41) 

SE 

50eV 

BSE 

2keV 

Electron Energy 

E=E beam 

FIG. 2-7. Energy spectrum for backscattered electrons (adapted from 
Ref. 45) 

18 



19 

having lost very little of the energy they possessed as PE's. Just as PE's deposit energy in 

the SE emission layer as they enter a material, BSE's deposit energy in that same layer as 

they leave the material-energy available for the production of SE's. And not only do 

BSE's contribute to the production of SE's, a number of investigations49,50,s1.s2 have 

demonstrated that BSE's are considerably more efficient producers of SE's than are 

primary electrons. This result is almost intuitive when one considers that BSE's posses 

time-averaged momentum vectors directed toward the surface (from beneath it), while PE's 

posses momentum vectors directed deeper into the material. As an example, Kanter49 

found that for incident electrons in 2-20 keV energy range, BSE's were nearly five times 

more effective producers of secondaries than were the PE's. 

2.5.2 Discussion 

Given the above (albeit qualitative) physical picture, it is not difficult to make sense 

of the observed correlation between J _ and spacecraft charging levels. Large fluxes of 

low-energy (~ -2 ke V) electrons do not lead to significant charging because the resulting 

SE yield is near unity (meaning the J2ee, Jbse, and lem currents are essentially self­

balancing). The SE yield for higher-energy electrons, however, is considerably lower than 

unity and increased fluxes of these electrons therefore produce a lem term which dominates 

the 12ee and Jbse terms (resulting in overall negative charging of the vehicle). This analysis 

has lead to the long-standing position of the spacecraft charging community that SEE is one 

of the two dominating phenomena of spacecraft charging ( the other being photoemission), 

determining the level to which an orbiting spacecraft will charge. 40 It is precisely this 

demonstrated importance of SEE to a spacecraft's potential, coupled with the material 

dependence of SE yields, has lead to the strategy of reducing charging levels via judicious 

selection of construction materials. 2.53 Pertaining to the suggestion put forward in (2.4.2) 

regarding the dismissal of lun (based on its magnitude relative to lem) is challenged when 

one considers the fact that SE yields due to incident ions with energies ~ -10 ke V can be 



considerably greater that unity.1,6 Even though lem may be orders of magnitude below 

l;m, the SE yield ( J2e;) due to the impacting ions may actually be orders of magnitude 

above the SE yield ( J 2ee) due to impacting electrons. 

2.6 Modeling Secondary and Backscattered Currents 

As important as 12ee and lbse have shown themselves to be, these terms­

particularly Jue-have proven notoriously difficult to accurately model. Examination of 

typical secondary and backscattering expressions currently used in the modeling 

community will aid in illustrating where the difficulties lie. 

2.6.1 Expressions for lue and Jbse 
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Garrett2 presents the following as typical expressions for the current density due to 

secondary and backscattered electrons: 

J 2ee == Z1t: j dE'j g(E',E)o(E)f(E)EdE 
me O 0 

(4) 

where 

e electron charge 

Ille electron mass 
g emission spectrum of SE's due to incident electrons of energy E 

o SE yield due to incident electrons of energy E 

E' SE energy 

f distribution function of incident electrons at the surface, 

and 

(5) 

where 

B(E',E) = o(!) ! 
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and G is the BSE yield at the fraction ( i) of the incident energy E. Of interest in these 

expressions are the quantities g, 6, and B (or G}-input parameters which must themselves 

be modeled. Specific expressions for these terms have been developed, 6,40.54 though their 

presentation here is not necessary. What is important is the fact that each of these terms is 

dependent on a number of parameters ( some known and some unknown)-the most basic 

of which is material-and expressions used to model them are derived empirically, based 

on data gathered by experiment. (Note: f must also be modeled, though it differs from the 

others in that it is an environmental, rather than material-dependent, parameter.) 

2.6.2 Limitations 

The absence of experimental SEE data for a wide range of materials has been 

identified by the spacecraft charging community as a major deficiency in the ongoing effon 

to accurately model spacecraft potentials. While the backscattering characteristics of a host 

of basic materials (e.g., Al, Ag, Au, Be, C, Cu, and Ni) have been reasonably well 

investigated over a considerable range of incident-electron energies (-100 e V - -1.3 Me V), 

a continuing literature review confirms considerably less work regarding SEE. 

Furthermore, secondary-emission and backscattering properties for a wide range of 

spacecraft materials-often unique due to special coatings, paints, and surface 

contaminants-have not been investigated experimentally, leaving modelers to rely on data 

that is at best incomplete, and often near guesswork. 2.54,ss 

Further complicating the issue is the fact that most of the data currently available 

and in use was obtained prior to the advent of ultra-high vacuum (UHV) technology, 6,42 a 

significant factor considering the extreme sensitivity of SE yields to surface 

conditionso,ss,59 and the level of contamination generally associated with diffusion pumps 

of the pre-UHV era Garrett2 (p. 589) has addressed this issue specifically, stating that 

" ... the secondary and backscatter propenies of actual satellite suifaces, which are 
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invariably oxidized or contaminated, are not well known. .. lack of knowledge in this area is 

one of the major deficiencies in spacecraft charging theory ... " (my italics). Even those 

measurements that have been made under UHV conditions have not found wide use among 

the spacecraft charging community, owing largely to insufficiently large data sets. 

Prokopenko and Laframboise6 (p. 4127), for example, specifically state that "though there 

exist more recent measurements of [BSE yield] ... we have found these results to be too 

fragmentary for our purposes, and we have therefore used [ the older] results 

throughout ... " (my italics). 

Other omissions in the SEE data base impact spacecraft charging issues as well. SE 

and BSE energy spectrums as functions of emitted angle-so-called simultaneous angle­

and energy-resolved (differential) SE yields-are an important aspect of SEE that remains 

largely uninvestigated. Angle-energy-resolved infonnation may prove crucial in 

understanding phenomena involving the transport of SE's across surfaces, such as 

"snapover'' 55, the breakdown of surface dielectrics,55.56 and the transport of SE's within 

the plasma sheath surrounding a charged spacecraft54.SS The importance of such angle­

energy resolved information has been addressed, though is not considered in current 

modeling codes. 8,9,57 

2. 7 Conclusions 

Spacecraft charging is a problem of ongoing concern in the spacecraft operations 

community. Its effects include almost-daily operational anomalies, and the complete failure 

of at least one entire spacecraft has been attributed to this phenomenon. Secondary electron 

emission, as evidenced by four decades of in situ observation and experimentation, plays 

an important role in the overall charge balance of operating spacecraft. Moreover, strong 

evidence suggests that this process actually drives spacecraft-to-plasma potentials in 

particularly severe charging environments at a variety of altitudes. The accuracy of 
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complex spacecraft charging models (e.g., NASA's NASCAP and NASCAP LEO codes), 

designed to predict charging levels, has been directly linked to accurate modeling of SE 

cunents. The success of SE models, in tum, relies extensively upon experimentally 

detennined SE yields and associated empirically derived SEE theoretical formulations. 

SEE is a complex process and SE yields vary considerably with a number of parameters, 

chief among them material, surface condition, and incident species, angle, and energy. In 

addition, backscattering characteristics of a given material have been shown to affect SEE. 

Based on the above demonstrated need for data, the remainder of this thesis addres­

ses the design, construction, and testing of an apparatus capable of performing secondary­

emission and backscattering measurements on conducting materials. 



CHAPTER3 

SPECIFICATION OF PARAMETERS, MEASUREMENTS, 

ANDME'IHOD 

24 

Before the specifics of apparatus and technique can be addressed, there yet remains 

the task of detailing the experimental work in which the apparatus is to play a role. This 

chapter precisely defines experimental goals, refonnulating in a rigorous fashion the broad 

questions originally posed in Chapter l. Following a brief review of the physical scenario 

to be investigated (3.1) and description of experimental parameters (3.2), the quantities to 

be detennined are specifically defined, a mathematical framework for each quantity is 

developed, and a measurement scheme for detennining these quantities experimentally is 

presented (3.3). 

3.1 General Description 

This investigation seeks to characteri7.e the populations of secondary electrons 

(SE's) and backscattered (BS) particles (electrons and ions) resulting from a beam of 

energetic particles incident on a surface-a scenario depicted schematically in Fig. 3-1. 

Specifically, total and differential secondary and backscattered yields are to be detennined 

as functions of selected parameters. These parameters and their significance are now 

discussed in detail. 

3.2 Experimental Parameters 

An experimental parameter is defined as a constant or variable term in a function 

that determines the specific form of the function, but not its general nature. Parameters 

addressed in this investigation are associated with one of three principal entities: (i) the 

sample, (ii) the incident beam, or (iii) the scattered beam (SE and BS particle populations). 



z 
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X 

FIG. 3-1. Geometry of the incident and scattered beams. 

These parameters are 

(a) material [m] 

(b) surface condition [.efc] 

( c) incident species [J1 

(d) incident particle (beam) energy [Eb] 

(e) incident angle [0i = y] 

(f) scattering angle [85 = a] 

(g) scattering energy [Es] 
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The sample-related parameters m and .efc, as well as incident species, j, serve as fixed 

parameters for all measurements to be performed; i.e., total and differential yields (3.3). 

The incident beam parameters 'Y, and Eb act as additional fixed parameters for the various 

differential yields to be measured, but are varied as free parameters for total yield deter­

minations. Finally, the scattered-beam parameters a and Es are the variables parameter­

izing the assorted differential yields. Choices of the above parameters and their associated 

constraints were based on relevance to both spacecraft-charging and solid-state (surface 
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science) aspects of this research, as well as practical concerns such as cost and complexity 

of the required experimental apparatus. Discussions of each parameter and its relevance 

are now presented, and a summary of parameters is given in Table 3.1 at the end of this 

section. 

3.2.1 Sample-Related Parameters 

Experimentally, measurements will be perfonned/or a given sample. Hidden 

within these measurements and results, then, will be the physical characteristics of the 

sample. Some of these characteristics, such as size, are more than likely irrelevant to the 

experimental results. Others of these characteristics, however, will prove highly relevant. 

Material and surface condition are two physical characteristics of the samples that will be 

actively ascertained and varied in this investigation. 

( a) Material 

Materials in the present investigation are currently restricted to conductors-a result 

of experimental technique limitations. Specifically, electrostatic charging of insulators 

under charged particle bombardment inhibits uniform SE and BS particle production and 

severely complicates the electric current measurements (3.3) required for accurate yield 

detennination. Though a number of methods have been suggested that may enable future 

SE and BS particle characterization of insulators [see (8.3)], their increased complexity has 

kept this initial work focused on conductors. 

Given the myriad number of as yet uncharacterized conducting materials employed 

in spacecraft construction (e.g., various types of coated aluminum), 53.54 an apparatus and 

technique capable of detennining SE and BS yield characteristics of conductors is of 

considerable value to the spacecraft charging community. In addition to the qualitative 

classifications conductor and insula.tor, m is in some sense quantified with the introduction 

of atomic number, Z (as has been done in a number of previous SE and BSE 
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investigations 44,45.S9,60-62). 

(b) Surface Condition 

Surface condition in the context of this research refers to contamination; i.e., the 

presence and extent of contaminating surface films, such as oxide layers or hydrocarbons, 

on the bulk material. It remains a largely qualitative parameter, though may be quantified 

via the introduction of coverage ratios and film thicknesses. Surface smoothness is 

considered in this investigation only to the extent that all samples are given an initially 

smooth surface [see (6.1.2)], though it is quite likely an important surface characteristic 

with respect to SE and BS yields. 

Surface contamination is particularly relevant to spacecraft charging studies in that 

operating spacecraft are clearly not maintained in a pristine environment 2 "Oean" 

surfaces, therefore, are not generally accurate representations of spacecraft surfaces 

(though clean may be a valid condition for surfaces on the ram side of a spacecraft, where 

impacting ions may remove most contaminants). Illustrating this point, Fig. 3-2 is a 

photograph depicting the severe contamination of a surface which has spent nearly six 

years in low-earth orbit as part of NASA's Long duration Exposure Facility (LDEF). By 

the same token, samples used in SEM studies also undergo a certain level of contamination 

during preparation. 63 For these reasons, the instrument described in this thesis has been 

designed with the capability of determining SE and BS yields for surfaces in a clean state, 

as well as under (semi-) controlled levels of contamination. 

3.2.2 Incident-Beam Parameters 

( c-d) Incident Species and Energy 

Incident particles in the present investigation are monoenergetic electrons and ions 

in the 0-50 keV energy range. Particular ion species to be employed have not been finally 

determined, but are likely to include H+, N2+, and 0 2+. Practical considerations such as 



FIG. 3-2. Photograph of LDEF tray H-06 after nearly six years in 
low-Earth orbit Dark regions are areas of extreme surface contam­
ination, due primarily to the outgasing of nearby insulators. 
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availability and cost of electron and ion sources, and safety concerns involving increased x­

ray production, preclude this research from pursuing higher energy domains (though SEE 

investigations at higher energies are certainly warranted). 

Pertaining to the spacecraft charging problem, environmental work by Hardy et al. 

bas demonstrated that a significant portion of the precipitating particle energy spectrum lies 

at or below 50 keV.37.38 Complementing this work, and perhaps more compelling, is 

work by Froonninckx indicating that incident electrons with energies 2-5 ke V and ~ 9 .6 

ke V may actually drive severe spacecraft charging in a number of orbital environments. 10 

Moving away from spacecraft-charging applications, the 0-50 keVenergy range is also 

relevant to low-energy SEM work, 45 ion scattering microscopy, 64 ion sputtering, 65 and 

other related surface science techniques. 

( e) Incident Angle 

Referring to Fig. 3-1, the incident angle y refers to the angle formed by the velocity 

vector of the incident particles and the outward normal to the surface. The apparatus 

designed for this investigation does not permit arbitrary y, but rather provides for a 

discontinuous variation in y from 90° to -10° [as a result of magnetic shielding design, 

discussed in (4.3.2)]. 

Previous investigations have clearly demonstrated SE and BS yields to be functions 

of y. 60,62,64 This fact has important implications for the spacecraft charging problem, in 

that orbiting spacecraft are subject to particle bombardment from all directions (though the 

presence of ambient and spacecraft-induced electric and magnetic fields often imposes 

preferred directions). Knowledge of SE and BS yield y..dependence is therefore necessary 

to effectively model these terms.2 Additionally, they-dependence of SE yield is what 

makes depth-of-field and topography infonnation possible in SEM.45 Even more 

fundamentally, SE and BS yield y-dependences provide important clues as to underlying 



physical processes involved in backscattering and SEE, 66 and empirical and analytic 

expressions for this dependence exist for a number of materials_so.ss,67-72 

3.2.3 Scattered-Beam parameters 

(f-g) Scattering Angle and Energy 
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Referring once again to Fig. 3-1, the scattering angle a is seen to be that angle 

formed by the scattered beam ( or, more precisely, that portion of the scattered beam being 

investigated) and the local normal to the sample surface. Knowledge of the energy 

spectrum of secondary-emitted and backscattered electrons as a function of emitted angle a. 

is an important aspect of SEE that remains largely uninvestigated. Though a number of 

angle-resolved and energy-resolved SE and BSE investigations have been accomplished 

separately,58,64,68,70-77 a continuing review of the literature has revealed that combination 

angle- and energy-resolved data is almost nonexistent 7s.79 The addition of angle-energy­

resolved measurements to this investigation therefore represents a unique capability and, 

upon completion, will constitute a significant contribution to the field. The apparatus 

described in Chapter 4 permits a-resolved measurements over the range 14° <a.<9Q°, with 

simultaneous energy-resolved measurements over the range O e V <Es<3 ke V. 

The presence of ambient and spacecraft-induced electric and magnetic fields within 

the space environment make ex and Es relevant to a spacecraft's overall current balance. 

Figure 3-3 illustrates how the orientation of Earth's magnetic field relative to a spacecraft 

surface may cause escaping particles to return to the spacecraft; of real importance is not 

only the fact that the particle has left the surface, but with what velocity vector relative to 

the ambient magnetic field. Clearly, a departing particle must have some minimum velocity 

component perpendicular to B in order to escape the spacecraft. Modelers must therefore 

be cogni7.a.nt not only of overall numbers of charged particles leaving a spacecraft's 

surface, but also their direction and energy of departure. Additionally, such information 



31 

B 

(a) (b) 

-eE 

d7 
FIG. 3-3. Effect of departure (scattering) angle on the ability of a secondary or 
backsctattered electron to escape the surface of a spacecraft subject to Earth's magnetic field 
(B). In (a) the electron escapes the surface as the result of an electric force -eE parallel to 
B. In (b) the electron returns to the surface as the result of av x B force, and also is 
transported along the surface as the result of an E x B force (adapted from Ref. 56). 
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may prove crucial in understanding phenomena involving the transpon of SE' s across 

surfaces, such as snapover54 and the breakdown of surface dielectrics,55 or the transport of 

SE's within the plasma sheath.53 The imponance of such angle-energy-resolved 

information has been addressed elsewhere, 2 though is not considered in current modeling 

codes-due primarily to the lack of experimental values. 2.54 

3.2.4 Summary 

The experimental parameters discussed above are summarized in Table 3.1. For 

emphasis, it is once again noted that these parameters are by no means all-inclusive of those 

which could be relevant to SE and BSE investigations. 

Having now discussed the quantities which will parameterize this investigation, 

attention is now turned to the various SE and BSE yields and a strategy for determining 

them experimentally. 

Table 3.1. Experimental parameters. 

Sample Parameters 

material [m] 

(conductors, classified 
by atomic number) 

surface condition [ sfc] 

(smooth surface, clean 
or contaminated) 

Incident-Beam 
Parameters 

species Ii] 

(electrons and ions) 

energy [Eb] 

(0-50keV) 

angle ['Y] 

(0-90°, discontinuous) 

Scattered-Beam 
Parameters 

energy [Es] 

(0-50 keV) 

angle [ex] 

(14°-90°, continuous) 
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3.3 Quantities to be Detennined, Measurements, and Method 

Subject to the parameters and constraints discussed above, the purpose of this work 

has been to design, construct, and test an experimental apparatus and technique capable of 

determining four distinct types of quantities: 

(i) total SE and BS yields (3.3.1) 

(ii) angle-resolved (differential) SE and BS yields (3.3.2) 

(iii) energy resolved (differential) SE and BS yields (3.3.3), and 

(iv) simultaneous angle-energy-resolved (differential) SE and BS yields (3.3.4) 

Each of these quantities is now precisely defined, and a general plan of attack for the 

experimental detennination of each is presented. 

3.3.1 Total SE and BS Yields, 8 and 11 

( a) Definition 

The total SE yield 6 represents the total number of secondary electrons produced 

per incident particle 

6 5 
# secondary electrons = n,e 

# incident particles N 

Similarly, the total BS yield 11 represents the total number of backscattered particles 

(electrons in the case of incident electrons, and ions in the case of incident ions) per 

incident particle 

l1 = nbs(e),(i) 

N 

(6) 

(7) 

Note from Eqs. (6) and (7) that 6 and 11 are truly dimensionless quantities, and are 

therefore often termed SE and BS coefficients. This work seeks to determine 6 and 11 for a 

given material, surface condition, incident species, incident energy, and incident angle. 
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Hence, it is understood that these parameters are implicit within the nomenclature: 

6 = 6(m,sfc,j,Eb,y) 

1l =1t(m,sfc,j,Eb,y) 
(8) 

[NOTE: To be excrutiatingly pedantic, the terms SE yield and BS yield refer to a 

measurement of the functions O(m,sfc,j,Eb,Y) and 11(m,sfcj,Eb,Y) evaluated at particular 

values (or states) of the above parameters; i.e., 6=o<.m.sfcj,Eb,Y) I m=m',sfc=sfc',i=j',&=Eb',r-f 

and Tl=Tt(m.s/cj,Eb,'Y) I m=m',sfc=sfc'j=j',Eb=Eb',r-1] 

Attention is now turned to a specific method for determining 6 and 11. Note that 

until now the discussion has remained general with respect to incident species. For the 

remainder of the chapter, however, it will prove convenient to address separately the cases 

of incident electrons and incident ions when discussing measurement schemes. 

(b) Experimental Determination for an Incident Beam 
of Monoenergetic Electrons 

Equations (6) and (7) make it clear that ultimately, the task of any apparatus built to 

determine 6 and 11 is to count charged particles. This investigation, as with most previous 

SE and backscatter investigations, will measure electric current as a means of counting 

electrons and ions. Average electric current, I, is given by 

for total charge Q, time t, number of particles N, and electric charge, q (of each particle). o 
and 1l, then, may be determined by electric current measurements via 

(9) 
I n Tl =_!!£.=~ 

<e> - I N 
b b 



for current due to secondary electrons (lse), current due to backscattered electrons (lbse), 

and current due to incident (beam) electrons (Ii,) [ where Tlce, refers to the yield for back­

scattered electrons]. The task of determining 6 and 11, then, becomes one of determining 

these three currents. 
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Figure 3-4(a) depicts the various currents to and from an electrically unbiased 

sample (i.e., a sample with an electric potential of 0 V relative to ground), resulting from an 

incident beam of energetic electrons. The incident primary electrons comprising lb are 

assumed to be monoenergetic, supplied by an electron gun. The presence of the return 

current Irco, reflects the fact that the sample is being bombarded with electrons within the 

con.fined volume of a vacuum chamber-a volume further reduced by the presence of 

magnetic shielding (4.3.2). Consequently, Ir(o> represents the current due to SE's and 

BSE's that have left the sample, scattered off of the chamber's interior (creating additional 

SE's), and returned to the sample. Bombardment of the sample by these electrons (no 

longer monoenergetic) will clearly produce additional SE's and BSE's, accounted for in Iser 

and Ibser, respectively. [NOTE: the subscript (0) on the Ir(o> term denotes the sample 

potential, in volts, relative to ground.] Current due to secondary ions (Sfs) is omitted in 

the figure due to the extreme unliklihood of secondary ion prodution (a result of the 

enormous mass differential between the incident electrons and the atoms comprising the 

sample, the resulting inefficiency of momentum exchange between these two species, and 

the large binding energies of the sample atoms to the sample lattice). 

Inspection of the figure yields an expression for the net current reaching the sample, 

Is(O>• in the form of a current balance equation 

lsco) = lb - J.e - Ibse + Ir(O) - Iser - lbser 

The assumption that Iser and lbser are small relative to the other quantities (a good 

assumption, addressed quantitatively in Appendix A) allows us to neglect these terms 
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Ibeam (electrons) 

(a) 

Iser co> Ibser co> 

1tl> = 0 volts sample 

(b) 

<P 
1 
= +50 volts 

sampe 

FIG. 3-4. Schematic depicting currents to and from (a) a neutrally biased and (b) a 
positively biased (+50 V) sample for an incident beam of (monoenergetic) electrons. 
Currents are due to the incident beam {lbeam), secondary electrons (lse), backscattered 
electrons Obse), the return current Or<0> and Ircsoi), secondary electrons produced by the 
return current (Iser), and backscattered electrons produced by the return current (lbsercoi and 
Ibsercsoi)-
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to obtain 

(10) 

Recall that F.q. (9) has made determination of the currents lse, Ibse, and lb the goal. 

The technique used in this work calls for direct measurement of lb, while Isc and ltise are 

detennined indirectly via measurements of other currents. Inspection of F.q. (10), 

however, reveals insufficient information to determine lse and Ibse, even if lrco> and lsco> are 

known. Another relation between these quantities is obtained by biasing the sample to 

+50 V while leaving lb unchanged. Figure 3-4(b) depicts the resulting currents to and from 

such a positively biased sample. Two significant changes should be noted. First, SEE is 

suppressed in that the SE's--whose energies by definition are less than 50 eV-are 

prevented from escaping the sample. Secondly, the return current to the sample is 

significantly increased, as all stray electrons within the chamber are now being attracted to 

the sample, giving llrcsoil >> llrco>I. (By contrast, the return current with the sample neutrally 

biased had been due to stray electrons striking the sample at random.) 

The current balance equation 

is obtained from the figure, which becomes 

(11) 

with the assumption lbsercsoi small (again, a good assumption addressed quantitatively in 

Appendix A). 

For directly measured quantities ls<o>• ls<soi, lb, lrco>• and lrcsoi (as described in 

Chapter 4), Eqs. (10) and (11) are solved for l 5e and lbse: 

which imply 

lse = lscso) - lrcso) - lsco> + Irco> 

lbse = lb - ls(SO) + Ir(SO) 

(12) 

(13) 



and 

6 = 11(50) - Ir(50) - I.co) + Ir(O) 

lb 
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(14) 

(15) 

F.quations (14) and (15) represent the measurement scheme employed in this investigation 

for determination of the total SE and BSE yields 6 and flee>• 

[NOTE: The astute reader has no doubt reco~d a flaw in the above scheme; 

specifically, the fact that electrons with energies less than 50 eV are not the only electrons 

prevented from leaving the sample when it is biased to +50 V. Electrons with energies 

higher than 50 e V, but with non-normal exit angles are also prevented from escaping-a 

fact easily understood when one realiz.es that the normal component (to the sample surface) 

of an electron's momentum vector is the pertinent quantity, rather than its total energy. 

Resulting errors introduced into the calculation of 6 and fl are addressed quantitatively in 

Appendix A.] 

( c) Experimental Determination for an Incident Beam 
of Monoenergetic Ions 

The case for incident ions is completely analogous to that for incident electrons. 

Figures 3-5 (a) and (b) depict the various significant cwrents to and from a sample at O V 

and +50 V, respectively, under ion bombardment. Note that a backscattered ion current, 

Ibsi, has replaced the Ibse tenn from Figs. 3-3. Also note that once again, any secondary 

ion current has been neglected. Even though the incident particles are now ions and should 

therefore transfer their momentum more efficiently to atoms than to electrons, the difference 

between the binding energies of the atoms locked within the sample lattice, and the work 

functions of the conduction band and valence electrons, conspires to produce considerably 

more SE's than Si's. 
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lbeam (ions) 

(a) 

<I> 1 = 0 volts sampe 

(b) 

Ibsir(SO) 

<I> 1 = +50 volts 
sampe 

FIG. 3-5. Schematic depicting currents to and from (a) a neutrally biased and (b) a 
positively biased ( +50 V) sample for an incident beam of (monoenergetic) ions. Currents 
are due to the incident beam (lbeam), secondary electrons (lse), backscattered ions (lbsU, the 
return current (lr(O> and Ircso>), secondary electrons produced by the return current (Iser), and 
backscattered ions produced by the return current (lbsircoi and lbsircso>)-
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The current balance e.quations 

ls(O) = lb + lse - lbsi + Ir(O) 

lscso) = lb - lbsi + Ir(SO) 

(16) 

(17) 

are written from the figures, which lead to the relations 

0 = lse = 1,co> - 1,cso> + lrCSO) - IrCO> 
lb lb 

(18) 

and 

(19) 

These relations are nearly identical to E:qs. (14) and (15); the differences in relative signs 

between some of the tenns are, of course, due to the sign change of the charges on the 

incident particles. Also note that the signs of Ireo> and Ireso> relative to lb may be positive or 

negative in the case of incident ions, since these currents are composed of both returning 

electrons and returning ions, and it is not immediately clear which of these tenns will 

dominate. 

3.3.2 Angle-Resolved (Differential) SE and BS 

Yields, 1K a) and 71( a) 

( a) Definition. 

Properly defining and understanding the angle-resolved yields 6(a) and 11(a) 

demands a bit more effort than that required or o and 11-Referring to Fig. 3-6 and 

restricting the discussion to SE's for the moment, it is seen that the total number of SE's, 

nse, produced at the origin O must pass through the depicted hemispherical surface. The 

number of SE's emitted at a given a and q>5 is obtained by counting the fraction of SE's, 

dn5e, passing through the area element dA, subtending the solid angle d0 5• Defining 

Pse(<X,q>5) to be the number of SE's emitted per unit solid angle, measured in steradians, 

and for a given a and q>5, we have 



z 

X 

FIG. 3-6. Schematic depicting angle-resolved SE and BSE detection: SE's and BSE's 
leave the sample within the small solid angle dOs pass through the area element dA in the 
dome and are counted. 
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(20) 

Clearly Pse(~q,5) will be proportional to the total number of particles incident at 0. That 

is, Pse(CX,<ps) = N6(cx,<ps), where 0(~q, 5) represents the constant of proportionality for a 

given a and <p5• This implies 

If the angular distribution of SE's is now assumed to be azimuthaly symmetric-Le., if nse 

is independent of <p5-then 

and o(cx) is seen to be the number of SE's emitted per incident particle per unit solid angle, 

at a given scattering angle a. Clearly then, 6(a) represents some sort of SE yield (hence 

the suggestive notation). Replacing Pse(CX) with N6(cx) in Eq. (20) gives 

dn5c(<X) = N6(a)d0s 
or 

(21) 

(22) 

where (22) is the defining equation for the standard differential scattering cross section. 80 

The units of 6(a) [sr 1], however, are not those of a differential cross section (because N 

is not a flux, but a pure number). Rather, 6(a) has the dimensions of a differential yield. 

Hence, the function [( a), evaluated about a panicular scattering angle, represents a 

differential SE yield ( coefficient). 

The preceding argument can be repeated for BS particles produced at 0, leading to 

the relations 

(23) 
and 
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(24) 

for the differential BS yield, 11(«). 

Referring to F.qs. (21) and (23), note that the total SE and BS yields 6 and 11 can be 

calculated, via sum rules, if one has knowledge of the differential yields B(cx) and 11(cx) 

over a full range of angles: 

2xff/2 fC/2 
n 6 =-.!!..= 
N 

f B(a)d0 1 = J J B(a)sincxdadq, 1 = 21t f B(a)sincxda (25) 
half -sphere O O 0 

2xfC/2 fC/2 

11 = n~se = J 11(a)d.Qs = J J n(a)sincxdadq,5 = 21t f 11(a)sinada (26) 
half-spMre O O 0 

The apparatus and technique described in this thesis provide a means of detennining 

the functional forms of 6(a) and 11(cx) by determining experimentally their values for a 

sufficient number of scattering angles. That is, given 6( a) I a' (read "~ a) evaluated at <i') 

and 11(a) I a: for a sufficient number of scattering angles, it should be possible to construct 

the functions B(a) and 11(«) empirically. Done correctly, the resulting total yields 

calculated in F.qs. (25) and (26) should agree with those determined directly, as described 

in (3.3.1). Conversely, given the total yields 6 and 11, it should be possible to infer the 

numbers of SE's and BS particles being emitted in various angular ranges inaccessible to 

measurement [see (4.7)]. 

(b) Experimental Determination for an Incident Beam 
of Monoenergetic Electrons 

Analogous to total 6 and 11 detennination, various electric current measurements are 

used to determine 6(cx) I a' and 11(cx) I a:-Figure 3-7 is a schematic representing a detector 

placed to intercept SE's and BSE's passing through the differential area element dA of Fig. 

3-6; dns therefore represents the field-of-view of the detector. Restricting the discussion to 



SE's, BSE's 

Incident 
Beam Detector 

FIG. 3-7. Schematic depicting angle-resolved detection of SE's and 
BSE's. 

SE's for the moment, the current dlse registered by the detector due to SE's emitted at a 

particular scattering angle a is given by 

di (a)= dnse(a) ·q = Nq6(cx)d.01 

se dt dt 

which implies 

or 
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(27) 

For the detector placed at a specific scattering angle, a', the differential yield o(a) at a' is 

then determined via 

and the task becomes one of measuring dlse( a) I 11--tbe SE current about the scattering 

angle 0:. 

(28) 



Referring to Figure 3-8(a), note that the detector current J«o, for an electrically 

unbiased detector is given by 

45 

(29) 

Biasing the detector to -50 V, however, prevents the SE's from being collected and the 

detector current ~<-SO> is then 

~(-SO)(a) = dlbse(a) (30) 

Equations (29) and (30) can be combined to yield 

(31) 

and finally obtain, from (28), 

(32) 

Following a similar development for T\(<X), one is lead to the relation 

(33) 

For the directly measured currents :l«o,, ~<-SO>• and lb, and for the known detector field-of­

view (FOV) dns, Eqs. (32) and (33) illustrate how the differential yields 6(a) and T\ce,(<X) 

will be experimentally detennined in this investigation. 

( c) Experimental Determina.tionfor an Incident Beam 
of Monoenergetic Ions 

Figure 3-8(b) is a schematic representing the current reaching the detector in the 

case of an ion beam incident on the sample. In this case, it is seen that 

~CO) = dlbsi - dlse (34) 



(a) 

<f)d=OV 

(b) 

FIG. 3-8. Detennination of angle-resolved SE yield via negative detector biasing 
for the cases of (a) incident electrons and (b) incident ions. 
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where the minus sign is a result of the opposite charge carried by ions and electrons. 

Biasing the detector to -50 V will once again eliminate the SE current and leave the BSI 

cWTent unaffected assuming the detector is properly shielded from the BS/ population at 

large. One is then led to the relations 
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(35) 

in the same fashion that produced Eqs. (32) and (33). 

3.3.3 Energy-Resolved (Differential) SE and BS 
Yields, IX Es) and rt( Es) 

( a) Definition 

(36) 

The energy-resolved coefficients 6(E5) and Tl<Es) are completely analogous to the 

angle-resolved differential coefficients 6(a) and 11(a); consequently, the development 

presented in this section will closely parallel that of (3.3.2). 

The quantities 6(E5) and 1)(E5) represent, respectively, the total numbers of SE's 

and BS particles per incident particle.per unit energy, measured in eV. These quantities, 

then, characterize the energy spectrums of the SE and BS particle populations (or, more 

accurately, the spectrums of 6 and 11). Referring to Fig. 3-9 and once again restricting the 

discussion to SE's for the time being, one can imagine a dome placed over the sample 

which counts nse, the total number of SE's emitted at all angles from the origin 0. One can 

further imagine a dome which counts only that fraction of SE's, dnse<Es), whose energy 

falls within a certain small energy range dEs, where dE5 lies between 0 eV and 50 eV. 

Analogous to Eq. (21), we postulate dnse to be proportional to the number of incident 



Incident 
Beam 

FIG. 3-9. Concept of energy-resolved SE yield determination 
via a dome detector that senses only electrons of a certain 
energy. 

particles N. and the constant of proportionality (for a given Es) to be the object a{Es): 

or 
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(0 <clE5S50 eV) (37) 

Hence it is seen that the function O(Es). evaluated about a particular scattering energy, 

represents a differential SE yield, this time energy resolved, analogous to B(a). 

Expanding the discussion now to include BS particles, we have 

or 

where 50 e V < dEs S Eb. 

As an energy analog to Eqs. (25) and (26), calculation of the total SE and BS yields 

6 and Tl is possible given knowledge of the energy-resolved yields o(Es) and 11CEs) over a 

full range of energies: 
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SOeV 

6 = ~ = J 6(E 1 )dE1 (39) 
0 

Eb 

11 = ~ = J 1l(E1 }dEs (40) 

SOeV 

The apparatus described in Chapter 4 does not allow for direct determination of 

TlCEs), though indirect characterization of the BS spectrum should be possible [see (3.3.4)]. 

Measurements allowing for the direct detennination of 6CEs), however, are possible. 

Completely analogous to the case for 6(a), this apparatus will enable detennination of the 

the functional form of 6CEs) by empirical construction, based on experimental detennination 

of its value about a sufficient number of scattering energies. Done correctly, the resulting 

total yield calculated in Eq. (39) should agree with 6 as determined by the method described 

in (3.3.1). 

(b) Experimental Determination for an Incident Beam 
of Monoenergetic Electrons 

Determination of 6<Es) is achieved via measurement (once again) of various electric 

currents to and from the sample. In effect, the sample itself is treated as the imaginary 

dome detector of Fig. 3-9. The same general measurement technique is employed as was 

used for the determination of the total SE yield 6 [see (3.3.lb)]. In the case of acEs), 

however, measurements are not taken for the sample biased only to 0 V and +50 V; rather, 

a series of cwrent measurements are taken as the sample is biased from 0 V to +50 V 

incrementally . 

Figure 3-10 illustrates the significant currents to and from (a) an unbiased sample, 

and (b) the same sample biased to some positive potential cp, where 0 < cp ~ 50 V. As 

expected, SE's of all energies (0-50 e V) produced on the surface are uninhibited by the 

unbiased sample in their departure, and the current due to these SE's is represented by 



50 

Ibeam (electrons) 

(a) 

<l>sample = 0 volts 

(b) 

lse (e~ 50eV) 

<l>sample = q> 

FIG. 3-10. Schematic illusrtrating major cUITents to and from a sample (a) neutrally biased 
and (b) positively biased to some potential q,, where 0 < q, S 50 V. 
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Ise(B=()--+50eV). Recalling the defining equation for electric potential energy, U = q<I>, it is 

seen that an electron (q = -e) successfully departing a surface held at constant (positive) 

potential <l>s=cl> must have a kinetic (scattering) energy Es of at least Es = eci,. The current 

due to these SE's is therefore represented by Ise<Es=E➔SOeV). If it is now assumed that 4> is 

only slightly higher than ;rem (ground) potential, i.e., cf, ➔ def>, then the current dlse due to 

SE's with energies O < Es S 50 e V is given by 

dI (E ) = dose (E,) • q = Nq6(Es )dE, , 
se 

I dt dt 

where dEs is viewed as the energy resolution of the detector. This implies 

or 

(41) 

Recognizing that in the laboratory the energy resolution is indeed finite, i.e., dEs ➔ dEs, 

define 

(42) 

to be the energy about which a measurement is made. Hence, the differential yield 6(Es) 

evaluated for a particular scattering energy Es' is given by 

I 
l dlse(E, J . 

6(E) = 1e. 
' e.· I dE b s 

(43) 

and the task becomes one of measuring diseCEs) I Es' -the SE current about the scattering 

energy Es'. 

Referring once again to Fig. 3-10 and defining ~ as the sum of the SE and BSE 



52 

currents (i.e., the current due to all electrons leaving the surface), 

(44) 

the following relations are obtained for the net sample currents for sample biases of O and 

q,, respectively, where lq,I S 50V: 

ls<oJ = lb - lse~SOeV) - lbse<Er=SOeV➔Eb) + lreo> 

= lb - ~<Es=O-+Eb) + Ir(O) 

lsc♦> = lb-lseCF.s=E➔SOeV)-lbse<:E'.s=SOeV➔Eb) + Ire♦> 

= lb - ~CF.s=E➔Eb) + Ire♦> 

(45) 

(46) 

The various~ (due to various sample potentials cf>5) are tenned integrated cu"ents, in that 

they represent the current due to all electrons leaving the surface at and above a specified 

energy (detennined by 4>5). Clearly, the current due to SE's with energies between zero 

and E is given by the difference of the two SE currents of Eqs. ( 45) and ( 46): 

(47) 

Note that the BSE current has been eliminated, determining lse<Es=O➔E> in tenns of the 

sample and return currents, which are measured directly (4.6). More generally, for 

measured sample currents Isc♦ll and lsc♦ii, where O < c!,1 < $2 S 50 V and AEs = e($2 - q>1), 

it is seen that 

(48) 

In the limit AEs becomes small, it is seen that l5e(AEs) ➔ dlseCEs) I &', for Es' given by Eq. 

(42). Hence, from (43), 

I 
1 I -I +I -I a(E ) = sc♦ 2 > sc♦1 > re♦.> rC♦2 > 

1 
'f!o' I dE 

b s 

(49) 

The difficulty in obtaining TtCEs) via the above measurement scheme is now clear; 



increasing the sample potential affects the effective impacting energy of the incident 

particles ( decreasing Eb in the case of incident electrons, and increasing ~ in the case of 

incident ions). This is not a significant effect for 6<Es) determination in that the sample 

need only be biased to a maximum of +50 V; since the minimum beam energy being 

considered in this study is 1.0 keV, 50 V amounts to a 5% change in Eb at worst. and 

should have little effect on 6<Es). Characterizing the energy spectrum of BS particles in 

this manner, however, would require the sample to be biased up to Eb-significantly 

altering the impacting energy of the incident particles and negating Eb as a controlled 

parameter. 

( c) Experimental Determination for an Incident Beam 
of Monoenergetic Ions 
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Gratefully, the only changes for the case of impacting ions are the relative signs of 

the sample currents. Consequently, one is lead to the expression 

I 
1 I -I +I -I 6(E ) = _ •C•; > •c•, > re♦,> rC•; > 

' Ea. I dE b s 

via precisely the same path that produced ( 49). 

3.3.4 Combination Angle-Energy-Resolved (Differential) 
SE and BS Yields, 8 ( a.Es) and 17( a.Es) 

( a) Definition 

(50) 

Combining the discussions of (3.3.2) and (3.3.3), it should be readily accepted that 

the angle-energy-resolved SE coefficients 6(cx.Es) and fl(CX,E5) represent, respectively, the 

number of SE's and BSE's emitted per in,;ident particle, at a given scattering angle, and 

with a given scattering energy. That is, these coefficients serve to characterize the angular 

dependence of the SE and BS energy spectrums. 

Following the development of Eqs. (22) and (37), and (24) and (38), the 
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expressions 

(51) 

(52) 

are obtained, which readily yield the following relations (sum rules): 

SOeV 

6{a) = f 6(a,E,)dE, (53) 

0 

,c/2 

o(Es) = f 6(a,E,)d0, = 21t f 6(a,E,)sinada (54) 

half-splwn 0 

so~ ~~rc/2 

6 = f f 6(a,E,)d0,dE, = 27t J J o(a,E,)sinadadE, (55) 
0 half •spMn O 0 

Eb 

11(a) = f 6(a,E,)dE, (56) 
SOeV 

,c/2 

11(Es) = f 11(a,E,)d0, = 21t f 11(a,E,)sinada (57) 

half-splwn 0 

Eb Eb ,c/2 

11 = f f 11(a,E,)d0 1dE, = 21t f f 11(a,E,)sinadadE, (58) 
SOev half-spMn SOeV 0 

Paralleling the development of the angle- and energy-resolved yields , the apparatus 

described in Chapter 4 enables determination of the functional fonns of 6( a.Es) and 

11(a.Es) by measuring their values experimentally about a sufficient number of scattering 

angles and energies. That is, given 6(a,E 5) I a:.E's and 11(a.Es) I ci'.E's over full range of 

angles and energies, it should be possible to construct the functions 6(a,Es) and 11(a.Es) 
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empirically such that the relations above are satisfied. The calculated quantities 6, Tl, O(a.), 

11(a), and o<Es) from F,qs. (53)-(58) can be compared with those determined experi­

mentally a la (3.3.1)-(3.3.3). Such comparisons will serve to verify some measurements, 

as well as provide a means to infer other quantities precluded from measurement due to 

limitations of the apparatus and technique. An extreme example is presented by TICEs); 

unable to determine TICEs) experimentally as the result of an ill-suited measurement scheme, 

Eq. (57) provides an alternate means of characterizing the BS spectrum. 

(b) Experimental Determination for an Incident Beam 
of Monoenergetic Electrons 

Just as 6<Es) characterizes the spectrum of the total SE yield 6, 6( a.Es) 

characteriz.es the spectrum of the angle-resolved yield O(a). Hence, just as the 

measurement scheme for 6<Es) presented in (3.3.3b) was a variant on that used for 6, so to 

is the scheme for o(a,Es) an analogous variant on that used for 6(a), presented in 

(3.3.2b). 

Returning to Fig. 3-7, recall that the detector collects only those electrons emitted 

within a given solid angle, dfls. Once again restricting the discussion to SE's for 

convenience, one can now imagine that in addition, the detector collects only those 

electrons within a given energy range dEs (0 < Es ~ 50e V). Then the current d2I5e( a.Es) 

registered by the detector is due to SE's leaving the sample at a given angle, and with a 

given energy: 

Introduction of the beam current leads to 

or, for specific values of a. and Es, 
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<Es~ 50V) (59) 

A similar development can be accomplished for BSE's by adjusting Es such that 50e V < Es 

s Eb. One is then lead to the relation 

<Es>S0V) 

The task, then, is the experimental determination of d2Ise( a.Es) I a: i:.·, and 

d2Ibse(a,Es) I 11',E's • 

(60) 

Returning to the detector of (3.3.2a) and Fig. 3-7, Fig. 3-11 depicts the currents to 

(a) a negatively biased detector, and (b) a more negatively biased detector, where O < 14>11 < 

1<1>21 S Eb- The negative detector bias accomplishes the same objective as did the positive 

sample bias in Fig. 3-10; in this case, however, the detector is not the sample, and the 

electrons therefore are not leaving the detector, but being collected by it Following F.q. 

(29), the current reaching the detector in each case is seen from the figure to be 

or 

¼♦l)(a)= dlse(a,E.=Et➔50eV) + dlbse(a,F..=50eV➔Eb) 

= dLi(a.F-s=Et➔Eb) 

¼♦2>(a)= dlse(a.E.=~➔50eV) + dlbse(a,F..=50eV➔Eb) 

= ~(a,E.=~➔Eb) 

~(♦l)(a)= lbse(a,E.=Et➔Eb) 

= dLi<a.Es=El➔Eb) 

~c♦2)(a)= lbse(a,Es=~➔Eb) 

= dLi<a.Es=~➔Eb) 

(14>1 s 50V) 

<14>1 ~ 50V) 

<14>1 > 50V) 

~4>1 > 50V) 

where these are, as the notation suggests, already angle-resolved currents. It is also seen 

that the detector current is identically the integrated current introduced in the previous 

section. The addition of energy resolution is achieved by differencing ~c♦l) and ¼♦2>• to 



obtain 

lfc♦u - ~(~) = dlf<F.s=E1➔Et,) - <lld<Es=Ez➔Eb) 

= dlse<Es=E1➔50eV) - dlse<E.=Ez➔50eV) 

= dlse<Es=E1 ➔Ev 

= dlbse<F.s=E1-+Eb)-dlbse<E.=Ez➔Eb) 

= dlbse<Es=E1➔Ev 

(lq,l=s;50V) 

(lq,I >50V) 

In the limit where A~1~ becomes small, dlse<Es=E1➔Ev ➔ d2lse(CX.Es), and 

dlbse<Es==E1➔Ev ➔ d2lbse(<X,Es), yielding 

d2lse(<X,Es) = ~C♦I> - ~C♦2) 

d2IbseC cx,Es) = Lfctn - ~<412> 

Clcf>I ~50V) 

Clcf>I > 50V) 

The (doubly) differential currents d2Ise(<X,Es) and d2Ibse(<X,E5) are now determined in 

tenns of the measured currents ~<♦lJ and ~c, 2> , and from Eqs. (59) and (60), 
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(61) 

(62) 

I l I -I o(cx,E) .. = d<+,> dC♦2> 
s (1 .E. I d.Q dE l$1~50V (63) 

b s s 

I l I -I 
fl (ex E ) • • = d(♦d d(♦2l 
'l(e) , s a ,E, I dO dE 

b s s 

1$1>50V (64) 

where Es' is once again given by Eq. (42), clEs represents the energy resolution AE=eAcp, 

and d.Q5 represents the detector's FOV. Note that the difficulty arising with direct 

determination of TtCEs) does not arise for Tt(a.Es). This is because the sample is no longer 

being electrically biased, but rather a separate detector is biased, leaving Eb unaffected. 

( c) Experimental Determination for an Incident Beam 
of Monoenergetic Ions 

The measurement scheme used in the case of incident ions is essentially that for 

incident electrons, with one important distinction: when detennining 1'1Ci>(a,E5), it is 

necessary that the detector be positively biased, in order to filter out successively higher 
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(a) 
dit,se (a, SOeV ➔~) dlt,se ( a, SOeV ➔ ~) 

i 1_1 detector 

lw~::':w;:-:,:,,w,:-:,:,,:-:,:-,:-:,%<:<JI: 

(b) 

FIG. 3-11. Schematic depicting angle-energy-resolved yield determination scheme for (a) 
SE's and (b) BSE's. In the figure, -50 V S cj,2 < cj,1 S 0 , and -Eb < q,3 < q,4 < -50 V. 
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energy BSr s. Providing the detector is properly shielded from the SE and BSI pop­

ulations away from the detector, such a detector bias will not affect the SE current One is 

then led to Eq. (63) for 6(a,E
5

), where ct,
5 

< 0, and Eq. (64) forTlci>(cx,E
5

), where cf)s > 0. 

3.3.5 Summary of Measurements 

Results of the mathematical development presented in (3.3.1)-(3.3.4) are 

summam.ed in Table 3.2. It is once again emphasized that development of the equations 

listed in the last two columns of Table 3.2 was based on the following assumptions: 

(i) secondary ion production due to an incident electron or ion beams (in the 

energy range under consideration) is negligible (all measurements) 

(ii) secondary and backscattered currents resulting from return current to the 

sample are negligible (all measurements) 

(iii) bombarding species are normally incident on the sample (angle-resolved 

measurements) 

(iv) the entire beamspot falls within the FOY of the RD (angle- and angle-energy­

resolved measurements) 

TABLE 3.2. Summary of equations for quantities to be determined. 

Quantity Defining Equation Scheme for Determination 

Incident Electrons Incident Ions 

6 (6) (14), (25), (39), (55) (18), (25), (39), (55) 

Tl (7) (15), (26), (40), (58) (19), (26), (40), (58) 

6(a) (22) (32), (53) (35), (53) 

11(a) (24) (33), (56) (36), (56) 

6(Es) (37) (49), (54) (50), (54) 

Tl<Es) (38) (57) (57) 

6(a,Es) (51) (63) (63) 

rt(a,Es) (52) (64) (64) 
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Having sufficiently defined the goals of this investigation and outlined a compre-

hensive scheme for detennination of the desired quantities, the focus of this thesis now 

turns to the apparatus and technique that have been developed to accomplish the necessary 

measurements. 



CHAP1ER4 

APPARATUS AND TECHNIQUE 
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This chapter describes the apparatus that has been designed and constructed to 

accomplish the measurements detailed in Chapter 3. An overview of the apparatus as a 

whole is presented first (4.1), followed by a review of major design considerations (4.2). 

Descriptions of major components are presented next ( 4.3) - ( 4.6), important points 

regarding construction of the sample-detector assembly are discussed (4.7), and a review 

of measurement technique concludes the chapter ( 4.8). 

4.1 Overview and Definitions 

Figure 4-1 depicts the apparatus, excluding electronics, discussed in this chapter. 

Components of the apparatus are grouped into four functional categories: 

(i) environmental (4.3) 

(ii) source-related (4.4) 

(iii) sample-related (4.5) 

(iv) detection-related (4.6) 

Major components in each of these categories are summarized in Tables 4.1, 4.3, 4.6, and 

4. 7. To facilitate clear discussion, the term support equipment refers to such items as the 

vacuum system, particle sources, and various electronic components (e.g., electrometers 

and power supplies) located outside of the vacuum chamber. The tenn chamber apparatus 

refers to those components that are inserted into the vacuum chamber-seen at (B) in the 

figure. The term apparatus refers to the instrument as a whole; that is to say, the support 

equipment and chamber apparatus together. 

Figure 4-2 is a representation of the general situation to be investigated by this 

apparatus. A beam of charged particles is nonnally incident on a sample, producing a 

scattered beam-where scattered beam refers the combined SE and BSFJBSI populations 



FIG. 4-1. Photograph of the experimental apparatus, depicting (A) vacuum 
chamber, (B) chamber apparatus (minus magnetic shielding), (C) electron gun, 
(D) ion gun, and (E) residual gas analyzer. 
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FIG. 4-2. Schematic depicting the general scenario to be investigated 
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emanating from the sample in all directions. In the figure, y is seen to be the angle between 

the z-axis and the incident beam, 8 the angle between the z-axis and the scattered beam (the 

polar angle), cp the angle between the x-axis-defined by the projection of the beam onto 

the horizontal plane-and the projection of the scattered beam into the x-y plane (the 

azimuthal angle), and a the angle between the incident and scattered beams (the scattered 

angle). 

4.2 Design Philosophy 

Suppon equipment was chosen primarily based on cost and availability. Specific­

ally, a conscious effon was made to use as many components as possible already in the 

possession of the USU Department of Physics. These include such items as the vacuum 

system, electron and ion sources, electrometers, motion feedthroughs, and power supplies. 

Design of the chamber apparatus was influenced primarily by three considerations: 

(i) the design of the detector charged with making angle-energy-resolved measurements; 

(ii) space constraints within the vacuum chamber; and (iii) the desire to accomplish both 

total and angle-resolved 6 and Tt measurements simultaneously, and with independent 

detection systems. The roles of (i) and (ii) are discussed funher in (4.7.1). Regarding 

(iii), simultaneous total and angle-resolved measurements allow for meaningful comparison 

between SE and BS yields measured directly, and those obtained via integration of angle­

resolved yields (since they represent measurements taken under (nearly) identical beam and 

sample-surface conditions). Overall, design, construction, and testing were accomplished 

relatively quickly, and for a minimal investment in new equipment 

Having reviewed the apparatus as a whole, attention is now turned to the details of 

individual subsystems and components. 
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4.3 Environmental Components 

Achieving, maintaining, and monitoring a suitable environment in which the desired 

measurements can be performed is a principal concern. Three aspects of the sample 

environment-vacuum quality (pressure and contaminants), magnetic fields, and 

temperature-are addressed by the environmental subsystems. Each of these subsystems 

and their major components are now described, and a summary of environmental-related 

components is presented in Table 4.1. 

4.3.1 Vacuum System 

The vacuum system is responsible for maintaining the sample environment at the 

desired pressure, as well as controlling its composition. The vacuum system employed in 

this research is designed to maintain the sample in an ultra-high vacuum (UHV) 

environment, and is capable of base pressures of -2xIO-ll Torr82 (see Ref. 81 for a 

description of the standard levels of vacuum quality, and for a definition of units). Its 

primary components are a chamber, two roughing pumps, two high-vacuum pumps, three 

absolute pressure gauges, one partial pressure gauge, two leak valves, and a bakeout oven. 

Each of these components is described below. 

(a) Vacuum Chamber 

Figure 4-3 is a schematic of the vacuum chamber used in this investigation, while 

Table 4.3 summariz.es major design parameters. Configured for this investigation, two 

ports are used for diagnostic instrumentation, three for electrical access, two for motion 

feedthroughs, two for charged particle sources, two for pumps, two for leak valves, and 

one for illumination. In addition, four quartz windows afford excellent visibility into the 

chamber. All ports use standard conflat flange knife-edge seals with copper gaskets. 



TABLE 4.1. Summary of environment-related components. 

Vacuum System 

Chamber 

(custom built, stainless 
steel, .025 m3) 

Roughing Pumps 

(cryosorption, 
turbomolecular) 

High-Vacuum Pumps 

(ion, Ti sublimation) 

Absolute Pressure Gauges 

(pirani, thennocouple, 
ion, quadrupole mass 
spectrometer) 

Partial Pressure Gauge 

(residual gas analyzer) 

Leak Valves 

BakeoutOven 

(custom built) 

Magnetic Shielding Thennal Control 

Canister Sample Heater 

(.014" CO-NETIC) (resistive) 

Baseplate Shield Power Supply 

(.030" NETIC) 

Top Plate Shield Thennocouple 

(.030" NETIC) 
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(a) Front View 

(b) Rear View 

Figure 4-3. Vacuum chamber schematics. 
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(c) Left View 

(d) Right View 

Figure 4-3. Continued. 
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(e)Top View 

(f) Bottom View 

Figure 4-3. Continued. 



TABLE 4.2. UHV vacuum chamber design, operating 
parameters, and support equipment. 

Parameter 

Materials: 

Volume: 

Access Ports: 

Base Pressure: 

Magnetic Field in 
Sample Region: 

Vacuum Pumps: 

Vacuum Gauges: 

Description 

304 and 316 stainless steel 
flanges and walls 

-1500 in3 (.025 m3) 

4 - 6" CFF ports 
1 - 4" CFF port 
4 - 2 1/2" CFF ports 
15 - 11/2" CFF ports 
10 - 3/4" (10) 

-2xl0- 11 Torr 

$lmG 

Cryosorption 
Ti Sublimation 
Magnetic Ion 

Vacuum Thermocouple 
Pirani 
Ion 
Quadrupole Mass Spectrometer 
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(b) Roughing Pumps 

Pump-down of the chamber is accomplished in two phases; the initial, or roughing, 

phase reduces the chamber pressure from atmospheric pressure (- 1 attn) to -10-3 Torr, 

while the second, or high-vacuum, phase then reduces the chamber pressure into the UHV 

realm. A cryosorption roughing pump, as well as a mechanical-pump-backed 

turbomolecular pump, are both available for the roughing phase, though only the 

cryosorption pump is nonnally used. [Operating on the principle of adsorption, high 

surface-area activated alumino silicates (zeolites), cooled by liquid nitrogen reduce the 

chamber pressure from 1 attn to -10-3 Torr.] In addition to small size and ease of 

operation, the cryo-pump has the highly desirable advantage of not introducing organic 

contaminants into the rarefied chamber atmosphere. 

(c) High Vacuum Pumps 

The combination of a magnetic ion pump and a Ti sublimation pump takes over for 

the roughing pump at a chamber pressure of~ 10-3 Torr, and is capable of reducing the base 

chamber pressure to -2xl0- 11 Torr (with a bakeout). The sublimation pump is typically 

operated intermittently, and with decreasing frequency as the pressure drops, while the 

magnetic ion pump is operated continuously. (It is interesting to note that the magnetic ion 

pump relies heavily on SEE for its operation. 81) Neither of these pumps contributes 

organic contamination to the chamber. 

( d) Absolute Pressure Gauges 

The vacuum system employs two independent means of measuring total chamber 

pressure in both roughing and UHV phases of operation. For pressures above 104 Torr, 

pirani [VG Instruments ARGA Plus] and thermocouple [Varian Model 801] gauges are 

used ( operating on the principles of pressure-dependent thermal conductivity and the 

thermoelectric effect, respectively).81 Pressure determination at pressures above 10-3 Torr 
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serves primarily to indicate when high-vacuum pumping can begin; since this process can 

begin within a suable pressure range, extreme accuracy is neither required nor afforded by 

the gauges employed. For pressures below -10· 8 Torr, pressure measurements are 

accomplished independently with a nude UHV ion gauge and gauge controller [Granville­

Phillips Model 307), and a quadrupole mass spectrometer configured for total pressure 

measurement [VG Instruments ARGA Plus]. These gauges offer absolute pressure 

detennination to within a factor of two of their displayed readouts, down to minimum 

absolute pressures of 10-12 Torr and 10·11 Torr, respectively.83,84 

( e) Partial Pressure Gauge (Residual Gas Analyzer) 

The quadrupole mass spectrometer portion of the ARGA Plus instrument 

(discussed above) can also be used as a residual gas anal~r (RGA), measuring partial 

pressures in the chamber (to 10-12 Torr)84 due to individual species. This is an exception­

ally useful capability, affording knowledge of the species and quantity of contaminants in 

the vacuum. Moreover, linking the RGA to a personal computer, continuous monitoring of 

chamber atmosphere is possible while samples are being characterized, providing informa­

tion regarding contaminants present on the sample surface [discussed further in (6.2.1)]. 

(fJ Leak Valves 

The ability to actively control levels of certain contaminant gases is achieved via two 

variable leak valves [Granville-Phillips Series 203]. These devices allow for the 

introduction of specific quantities (fluxes) of desired gases, while maintaining an overall 

UHV pressure environmenL Used in conjunction with the RGA, the leak valves afford the 

added capability of maintaining a controlled, rarefied atmosphere within the chamber. 85 

(g) Bakeout Oven 

Achieving base pressures -10- 11 Torr in a timely fashion requires a bakeout of the 
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chamber, 86 and is accomplished with an oven custom-designed for this vacuum system. 

The bakeout oven is a large, insulated sheet-metal box placed over the entire vacuum 

chamber. Heating elements mounted to the interior walls of the oven are used to bake the 

chamber at temperatures typically >150 °C [though bakeout temperatures are currently 

limited to -100 °C by the rotary feedthrough, described in (4.7.2), and Teflon insulators 

employed in the rotatable detector ( 4.6.5)]. The effectiveness of such bakeouts is discus­

sed in Chapter 5. 

4.3.2 Magnetic Shielding 

Experiments involving the trajectories of charged particles, such as our 

measurements of the angles at which SE's and BS particles leave the sample, dictate a 

concern for magnetic environment. The effect of ambient magnetic fields is to alter particle 

trajectories, the significance of which depends upon the magnitude and direction of the total 

magnetic field B, the energy of the electron Es, and the target distance (the distance from 

the sample to the detector) dt. Specifically, the magnetic force on the electron, given by 

F =evxB =evB sin8 

(for electron velocity v and the angle 8 between v and B}, produces a constant transverse 

acceleration with magnitude 

F evBsin8 
a=-=---

me me 

(for electron mass Ille) over the time required to travel the distance dt , 

d t=-t 
V 

The electron's velocity can be expressed in terms of its energy 

(65) 

(66) 

(67) 
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yielding, via F.qs. (65)-(67), an expression for the deflected distance Ad in terms of B, dtt 

andE 5 

Note that for fixed B and dt. Ad increases for decreasing Es, making directional 

measurements of low-energy electrons (e.g., SE's) particularly vexing. 

( a) Ambient Magnetic Fields 

(68) 

Sources of B inside the vacuum chamber include the geomagnetic field, the ion 

pump's magnet (located in the bottom of the chamber, approximately one-half meter below 

the sample), and magnetic materials used in construction of the chamber and chamber 

apparatus. Measurements of the composite magnetic field within the chamber prior to 

shielding revealed a maximum magnetic field magnitude of 0.5 Gauss in the region 

occupied by the sample and detector. Assuming B perpendicular to the electron path-the 

worst case scenarier-and using a target distance of 6.35 cm, the second column of Table 

4.3 summarizes the resulting Ad for variety of electron energies. The deflection is 

considered significant if Ad is comparable to the size of the detector aperture. For a 

detector aperture of 1.6 mm, IBI = 0.5 G clearly precludes accurate angular determinations 

for all but the highest energy electrons considered in this work. Consequently, it is 

necessary to regulate the magnetic environment in the region surrounding the sample and 

detector. 

(b) Shield Design 

Reduction of B near the sample and detector is accomplished by shielding the 

ambient chamber B, and by using nonmagnetic materials for all apparatus components 

within the shielded region. Figure 4-4 depicts the magnetic shield constructed to enclose 



TABLE 4.3. Electron path deflection due to ambient magnetic field 
perpendicular to v (dt=6.35 cm). 

Energy Ad 
(eV) (mm) (µm) 

B-0,5 G B -1.26 mG 

1 30.0 75.6 

2 21.1 53.2 

10 9.5 23.8 

3000 0.5 1.38 

10,000 0.3 0.76 

50,000 0.1 0.34 

the sample-detector assembly. Holes in the side of the shield are for incident beam and 

visual access, while holes in the top and bottom are for electrical connections. 
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Construction material is .014" CO-NETIC [Perfection Mica] shielding, commonly referred 

to as µ-metal. An additional layer of .030" NETIC shielding is added to both top and 

bottom plates. 

An expression for the theoretical effectiveness of this shield design is given by87 

B _BoD 
I - µt 

for magnetic field B1 inside the shielded volume , ambient magnetic field Bo, cylinder 

diameter D, and shield thickness t For D = 13.5 cm, Bo = 0.5 G, µ = 150,000 (given in 

Ref. 87), and t = 0.36 mm (0.014"), an interior field B1 = 1.3 mG is calculated. Design of 

the shield, coupled with the sire of the available magnetometer probes, prevents 

confirmation of this value via direct measurement It is therefore assumed, for the time 

being, that this is a realistic estimate for the magnitude of B in the sample/detector region. 



Beam Access 

FIG. 4-4. Magnetic shield. A µ-metal cylindrical shell and top plate welded into one 
piece, and bottom plate attached separately. 
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The third column of Table 4.3 summam.es the resulting path deflection (for B .l v) for a 

variety of electron energies for such a magnetic field strength. These deflections represent 

a worst-case scenario, and the errors they introduce into angular measurements fall well 

below the angular resolution of the detector ( 4.6.5). 

4.3.3 Thermal Control System 

Provisions for beating the sample are present in the apparatus, though not for 

cooling. A resistive beater is located within the sample holder [see (4.5.2) and (4.5.4)], 

controlled by power supply located outside the chamber. Sample temperature is to be 

monitored via a thennocouple. 

4.4 Source-Related Components 

4.4.1 Electron Sources 

An Auger electron gun [Varian model 981-2455] and its associated power supply/ 

controller [Varian model 981-0246] together comprise the electron source currently in use. 

Specifications for this instrument are given in Table 4.5. 88 Further information regarding 

the gun can be found in Refs. 88 and 89. Beam-spot characterization was accomplished 

during initial testing, revealing typical spot sizes of -1 mm (see Chapter 5). Mounting of 

the gun to the vacuum chamber is illustrated in Fig. 4-1. Limited space within the chamber 

dictated that the gun be mounted at a 45° angle and not extend into the main chamber 

volume [keeping it clear of the magnetic shield described in (4.3.2)], the latter being 

accomplished via the construction of an extension tube, visible in the figure. 

In addition to the Auger electron gun, a LEED/ Auger electron gun [Varian model 

981-2125] is also available. With beam energies of 3 eV - 3 keV, a tungsten filament, and 

beam currents ~ I0-8 - 104 A, this gun is similar to the other, though allows for lower 

beam energies. 90 



TABLE 4.4. Summary of source-related components. 

Electron-Source Components Ion-Source Components 

Auger Electron Gun/ Controller 
(tungsten filament, 0-3 keV) 

Ion Gun / Controller 

(two-tungsten wire filament, 140-590 eV) 

LEED Electron Gun/ Controller 

(tungsten filament, 3 eV - 3 keV) 

Leak Valves 

TABLE 4.5. Electron and ion gun spe.cifications. 

Parameter Electron Gun (Auger) 

Beam Energy: 20 eV - 3000 eV 

Beam Current: maximum 200 µA at 3 kV 

Filament: tungsten ribbon - replaceable 

Beam Deflection: X- and Y-deflection plates for 
positioning beam on sample 

Beam Spot Size: - 1.5 mm-see (5.2.2) 

Bakability: maximum -1so·c 

Operating Pressure: 104 Torr to UHV 

Ion Gun 

140eV -590eV 

Maximum 4.6 µNcm2 

two tungsten wire - replaceable 

mechanical 

maximum 2so·c 

-I0- 3 - 10-6 Torr 
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Lastly, a 0.5 -50 keVelectron gun has been funded, extending the available energy 

range, and will soon be on hand for use with this apparatus. 91 

4.4.2 Ion Sources 

The system currently in place for ion production consists of a ion gun [Varian 

model 981-0043] and its associated power supply [Varian model 981-2046] and control 

unit [Varian model 981-0046]. This system may be used for sputtering (cleaning the 

sample via ion bombardment) or as a source for incident ion investigations. Notable 

operating parameters are given in Table 4.5. 92 Further technical information may be found 

in Refs. 92, 93, and 94. Reference 92 gives the ion beam diameter as - 1.5 cm at 6 cm 

gun-to-target distance, 8 x I0-5 Torr Argon chamber pressure, and 600 eV beam energy. 

This large beam spot is desirable for sputtering, less so for SEE investigations. Since the 

gun-to-target distance for this apparatus is -12 cm, and SEE studies will be carried out at 

pressures below 10-s Torr, the spot siz.e and beam currents will need to be characterized 

experimentally (in the same manner as that used for the electron beam), though as yet this 

has not been accomplished. 

4.5 Sample-Related Components 

Sample-related components include the primary sample, its associated sample 

holder, two tertiary samples and their holders, and a sample block. Together, these 

components constitute the sample-block assembly depicted in Fig. 4-5. Additional related 

components are a power supply enabling positive and negative biasing of the primary and 

tertiary samples (4.6.2), the sample heater and associated power supply (4.5.4), and the 

ion sputtering gun (4.4.2). 



4.5.1 Samples 

TABLE 4.6. Summary of sample-related components. 

Samples 

Primary Sample - 1 

(20x20x3.2 mm) 

Tertiary Samples - 2 

(20xl0x3.2 mm) 

Holders 

Primary Sample Holder 

Tertiary Sample Holders 

Sample Block 
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The primary sample is that sample directly bombarded by the electron and ion 

beams. It is a conductor measuring 20 mm by 20 mm by 3.2 mm. Machined into the 

sample are four Faraday cups of varying si7.es (depicted in Fig. 4-6) for use in beam 

charactem.ation and location, and various required current measurements [discussed further 

in ( 4.6.2)]. The two tertiary samples are composed of the same material as the primary 

sample, and are each half the sire of the primary sample. The function of these samples is 

to serve as the return current detector, and as such are discussed further in (4.6.3). 

4.5.2 Sample Holders 

The sample holders, constructed of aluminum, and are used to mount the samples 

to the sample block. Samples are simply placed into the holders, with no need for 

additional ''fastening." Since the samples are in direct electrical contact with the holders, 

electrical connections to the samples can be accomplished via wires attached to the holders. 

The primary sample holder is considerably larger than the tertiary sample holders (Fig. 4-

5), since it must house the sample heater (described below), and a continuation of the large 

Faraday cup machined into the primary sample. 
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Primary Sample 

Sample Block 

FIG. 4-5. Sample block assembly. 



Large Faraday Cup Small Faraday Cups 
(2.7mm dia.) (1.1mm dia.) 

(a)Top View 

I I I 
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(b) Side View I I 11 11 
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I I 

FIG. 4-6. Primary sample design. 
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FIG. 4-7. Large Faraday cup in primary sample and holder. 
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4.5.3 Sample Block 

The sample block, precision machined from a single piece of aluminum, serves to 

mount the samples rigidly to the entire sample-detector assembly. The sample holders are 

mounted to the sample block with non-magnetic stainless-steel screws, which are isolated 

electrically from the block via ceramic standoffs. Electrical connections to the holders (and 

therefore the samples) are accomplished via these screws. The 45° incline of the sample 

block serves to orient the sample surfaces normally to the incident beam, itself entering the 

chamber at a 45° angle [see ( 4.6.1)]. 

4.5.4 Sample Heater 

The heater currently installed in the sample block is a 14W, 120V [Hotwatt, model 

SC121] cylindrical resistive heater, 3 mm dia. x 2.5 cm long. Difficulties with insulation 

on the electrical leads (6.2.5) make it likely that this heater will be replaced with a similar 

model. 

4.6 Detection-Related Components 

Recall from Chapter 3 that determination of the various SE and BS coefficients is 

based on measurement-under varying conditions of electrical biasing-of four currents: 

the sample current (15), return current (Ir), beam current (lb), and an angle-resolved detector 

current Od). Measurement of each of these currents requires a detection system, consisting 

of a detector, an electrometer, a power supply (for sample and detector biasing), and 

associated wiring, connectors, and shielding. Components of each detection system are 

summariz.ed in Table 4.7, and schematic representations are given in Figs. 4-8 and 4-9. 

Detectors and electrometers for each system, as well as rationale for their selection, are 

described below; power supplies are addressed where relevant. Also presented are 

descriptions of wiring, connections, and shielding. 
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TABLE 4.7. Summary of detection system components. 

Meas. Detector Electrometer Power Wire 
SU[?J:?lf 

Is Sample Keithley 616 0-350V Interior: KAP4 
variable Exterior: Belden 8254 RG-

62/U 

Ir Tertiary Keithley 616 0-350V Interior: KAP4 
Samples Keithley 160 variable Exterior: Belden 8262 RG-

58C/U 

lb Faraday cup Keithley 616 none Interior: KAP4 
in sample Exterior: Belden 8254 RG-

62/U 

Rotatable Keithley 616 0-3000V Interior: KAP4 
Faraday cup variable Exterior: Belden 8254 RG-

62/U 

4.6.1 Sample Current Detection 

Since the sample current represents the net current reaching the sample from all 

sources (e.g., primary particles, secondary and backscattered particles, return current, 

etc.), determination of this current is achieved by isolating the sample from ground and 

connecting it directly to an electrometer. In this sense, the sample itself plays the role of 

detector. The electrometer used in this measurement is the Keithley Model 616, capable of 

reliable current measurements of-±10- 15 amperes.95 Readings are accurate to ±(0.5% of 

reading plus 0.1 % of the range). Though absolute sample currents in this work are on the 

order of microamperes (µA)-not particularly small-it is the ability to measure small 

changes in the sample current (as the sample is incrementally biased) which establishes the 

energy resolution of the o(Es) determination; hence the need for the Model 616's level of 

sensitivity. 

Required biasing of the sample is achieved by connecting a 0-350 V DC power 
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(F) 350VDC 

FIG. 4-8. Wiring schematic depicting beam curren4 sample current, and 
return current detection schemes. 
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FIG. 4-9. Wiring schematic for the rotatable detector. 
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supply [Kikusui Model PAB] in series with the electrometer (Fig. 4-8), which floats both 

the electrometer and the sample to the desired potential. 

4.6.2 Return Cu"ent Detection 

The return-current detection scheme is identical to that used for sample current 

detection, employing the two tertiary samples as the retum-cunent detector. Recall that the 

return current is that current reaching the sample from sources other than the incident beam. 

The disappearance of measurable return current when the incident beam is turned off ( or 

directed into the FC) indicates >99% of this current is due to charged particles (SE's, Si's, 

BSE's, and BSI's) that have left the sample as a result of incident-beam impacts, scattered 

off of the interior of the chamber, and returned to the sample. (The magnitude of the return 

current ranges from 1(}9 A to 10·6 A, depending on bias-see Chapter 6). The number of 

charged particles reaching the sample in this manner is clearly proportional to its exposed 

surface area. The two tertiary samples placed on either side of the primary sample, together 

with their holders, present a surface area to the incident return current nearly identical to 

that of the primary sample and its holder. Additionally, these are samples of the same 

material as the primary sample, and should therefore have identical secondary-emission and 

backscattering characteristics. Grounding them through an electrometer [Keithley Model 

160], then, is a simple and effective means of measuring the return current Biasing of the 

tertiary samples occurs in parallel with biasing of the primary sample, using the same 

power supply (Fig. 4-8). 

4.6.3 Beam Cu"ent Detection 

Measurement of the beam current is accomplished by directing the incident beam 

into a Faraday cup built into the primary sample and sample holder (Fig. 4-7). The 

detection system described for sample current measurement (4.6.1) is then used to measure 

the beam current 
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The Faraday cup (FC) is a stalwart of charged particle detection. For a thorough 

and concise history and a summary of numerous practical variations, the reader is referred 

to Ref. 96. Figure 4-10 is a schematic of a basic Faraday cup design. Though variations 

on this design are nearly unlimited. all center around the same theme: electrons ( or ions) are 

collected in a conducting "cup" connected to an ammeter, where they are registered as 

current Clearly (and interestingly, considering the nature of this investigation), SEE and 

backscattering play an important role in the design of the cup; in order that the current 

registered by the electrometer be an accurate measure of the number of electrons (ions) 

collected, few of these electrons (ions), and their secondaries, must be allowed to escape. 

Methods for achieving this goal include: (i) coating the cup's interior with a low SE yield 

material; (ii) roughening its interior surfaces; (iii) increasing the ratio of the cup's depth to 

its aperture diameter (the so-called aspect ratio); and/or (iv) adjusting the shape of the 

collecting cavity. The Faraday cup in this case uses a combination of options (i), (iii), and 

(iv); its interior is coated with colloidal graphite [which has a (relatively) low SE yield], it 

has an aspect ratio of 10:1 (which has been shown to prevent 95% of SE's and BSE's from 

escaping96), and the apenure in the sample is smaller than that in the sample holder­

resulting in a geometry which further decreases the likelihood of SE and BSE escape. A 

2. 7 mm dia. outer aperture ensures that the entire incident beam [-1.3 mm dia.-see 

(5.2.2)] can be accommodated within the FC. 

4.6.4 Angle-Resolved Scattered-Beam Current Detection 

The detector chosen for angle- and angle-energy-resolved current measurements has 

played a large role in overall apparatus design [see (4.7.1)]. Among the most prominent 

candidates for the role were electron multiplying devices (e.g., the channeltron), a variety 

of solid-state devices [e.g., charge-coupled devices (CCD's)], and the Faraday cup. The 

specific parameters and objectives of this investigation made a Faraday cup design the 
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FIG. 4-10. Basic Faraday cup design. 
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most logical choice. First, electron multipliers are not efficient collectors of low-energy 

(<300 eV) electrons97-the primary target group of this worlc; second, solid-state detectors 

are not generally suitable for energies < -30 ke V,97 a range outside our present scope. The 

Faraday cup, by contrast, can be used over the full spectrum of particle energies. 96 

Additional considerations which make the FC a good choice for this apparatus are (i) low 

cost and relative ease of fabrication; (ii) small size, enabling its motion about a sample 

(required for angle-resolved measurements) within the confines of a vacuum chamber; and 

(iii) its ability to achieve energy resolution via differential biasing. Because of the 

importance of this detector [referred to as the rotatable detector (RD)] to the chamber 

apparatus design, a summary of not only the present version of this detector, but also its 

design history is appropriate. 

( a) Initial Detector Design 

Figure 4-ll(a) is a schematic of the detector design originally employed. It consists 

of an aluminum FC (A in the figure) mounted in a stainless steel housing (B) and preceded 

by an electrostatic filter (C), itself mounted in a stainless steel housing (D). This detector 

was originally designed for use inside a scanning electron microscope; its dimensions were 

chosen as a trade-off between maximum current collection (large FC desired) and 

minimizing interference with the incident beam at low scattering angles (small FC desired). 

Biasing of the filter, a precision machined stainless steel disc with a small aperture, was to 

accomplish desired energy selection. For example, biasing the filter to -50 V should, 

within a certain margin of error, allow only those electrons with kinetic energies greater 

than 50 e V to pass through and be collected by the FC. (Design of the filter was 

accomplished with the aid of sophisticated computer modeling98 and painstaking 

machining.) The filter housing serves to shield the scattered beam from the electric field 

created by the biased filter, while the FC housing serves to shield the FC from stray 
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FIG. 4-11. (a) Initial and (b) present rotatable detector design. 
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electrons in the chamber. Apenures in the housings served to collimate the incoming 

(scattered) beam, and to determine the spot siz.e observed on the sample and the detector's 

angular resolution. Teflon sleeves (G, H, and n are used to mount both the filter and the 

FC in their respective housings. A grounded aluminum plate (J) is mounted between the 

FC and the housing in order to absorb any leakage current to the FC from the charged 

filter. (A :zeroth-order calculation of the leakage current is given in Appendix A, which 

estimates it to be -1 Q-13 A) 

(b) Present Detector Design 

Figure 4-11 (b) is a schematic of the detector design presently in use, and 

Table 4.8 summarizes major design parameters. Extensive testing of the original detector 

revealed that SE's produced on the filter's inner aperture surface were contaminating the 

signal to the FC to such an extent as to render the current measurement useless. 99 

Specifically, the filter and rear housing wall together behaved as an electrostatic lens, 

focusing all SE's produced within the filter, along with the electrons comprising the desired 

signal, into the FC. Clearly a redesign was necessary. The decision was made to remove 

the filter altogether and accomplish energy-resolved measurements by biasing the FC itself. 

[NOTE: This was not done initially for fear that a negatively biased FC would eject all SE's 

and BSE's produced within it. A reasonable assumption at first glance, the energy diagram 

depicted in Fig. 4-12 clearly shows it to be false; the geometry of the FC is such that a SE 

or BSE produced within the cup sees no significant potential gradient inside the cup.] In 

addition to removing the filter, biasing of the FC dictated that the grounding plate located 

between the FC and housing no longer be grounded, but biased to approximately the same 

potential as the FC in order to minimize leakage current The old filter housing remains a 

part of the detector only because the detector mounting collar, already built, requires its 

presence. It should not be detrimental to the signal. Both housing apertures, as well as the 

interior of the FC, are coated with colloidal graphite to reduce SE production. One further 
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FIG. 4-12. Diagram tracing the potential Oeft vertical axis) and energy (right vertical 
axis) of an electron as it is accelerated from the electron gun cathode to the sample, is 
backscattered though the 1st and 2nd RD apertures, and enters the negatively biased FC. 



TABLE 4.8. Rotatable detector (RD) specifications. 

Parameter 

Length: 

Diameter: 

1st Aperture: 
(Filter Housing) 

2nd Aperture: 
(FC Housing) 

Faraday Cup 

Aperture: 
Depth: 

Aspect Ratio: 

Energy Resolution: 

Dimension 

44.5mm 

3.2mm 

1.6 mm dia. by 1.6 mm deep 

1.6 mm dia. by 1.6 mm deep 

2.4mm 
123.8 mm 
10:l 

~ l % -see (6.3.2) 
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modification to the original design was the addition of and end cap (K), shielding the rear 

of the FC from stray electrons. 

( c) Electrometer and Power Supply 

Unlike typical sample currents, which are on the order of microamps, scattered 

beam angle-and angle-energy-resolved currents reaching the rotatable detector will have 

maximum values on the order of nanoamps (nA), to below our detection limit (see 

Appendix A for order-of-magnitude calculations). Consequently, our most accurate 

available electrometer, the Keithley Model 616 [described in (4.6.1) above], is used for all 

current measurements involving the rotatable detector. The power supply used to bias the 

RD must be capable of producing an electric potential commensurate with the incident beam 

energy, since a full backscattered energy spectrum is desired. A 0-3 kV DC power supply 

[Hewlett-Packard Model 6516A] is used in this role, in conjunction with a digital 

multimeter [BK Precision Model 388HD] for accurate measurement of detector potential. 
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4.6.5 Wiring, Connections, and Shielding 

Low-level current measurements-such as those being attempted here-are 

notoriously susceptible to signal noise. Some imponant sources of noise currents 

include:100 (i) frictional (triboelectric) effects within the wires (-10-1s_1Q-8 A); (ii) 

electrochemical effects resulting from the presence of contaminants on both wires and 

insulators (10-13-10-S A); (iii) induced currents due to time-varying ambient electric fields 

(electrostatic coupling); and (iv) currents arising between different grounding points 

(ground loops). Proper selection of wires and preparation of connections, thorough 

shielding, and careful grounding are effective means of minimizing these effects. A 

thorough discussion of these topics is therefore necessary to any meaningful evaluation of 

the experimental arrangement 

(a) Wires 

Referring to Fig. 4-8, two kilovolt, 4.5 A coaxial Kapton wire [MDC KAP4] is 

used inside the chamber to connect the primary sample (A), tertiary samples (B), and RD 

Faraday cup (C) to their respective feedthroughs (D,E). This wire was selected for its 

UHV compatibility, small siz.e (1.43 mm 0.D.), and relatively high-voltage rating 

(originally listed by the manufacturer as 8 kV, and later amended to 2 kV). The wires are 

shielded by a conducting braid (85% min. coveragelOl). In an effort to minimize exposed 

insulators within the chamber, the outer Kapton insulating layer has been removed from the 

wire, exposing the shielding. The RD has been biased to 3 kV using this wire, with no ill 

effects noted. 

Outside the chamber, 50-0hm coaxial cable is presently used for all three signals: 

[Belden 8254 RG-62/U] for the sample and detector currents, and [Belden 8262 RG-

58CIU] for the return current. These cables were selected for no other reason than they are 

shielded (96% coverage). Plans have been made to replace these cables with more suitable 
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selected varieties [either triaxial (Belden 922) or low-noise coaxial (Belden 9223)]. 

(b) Connections and Feedthroughs 

Inside the chamber, primary and tertiary sample wires are attached to their 

respective sample holders via (non-magnetic) stainless-steel screws, and to the vacuum 

feedthrough via Be-Cu connectors crimped to the wires. All three wires connect to the 

same feedthrough-a ten-pin Type K thennocouple instrumentation feedthrough [ISi 

Model 9342012]. Fiberglass insulating braid covers each connector to prevent electrical 

contact with each other or the chamber wall. Connections to the sample holders are 

shielded by a copper foil which wraps around the back of the sample block, and 

connections to the feedthrough are shielded by a 1" dia. metal sleeve (an extension of the 

chamber wall, surrounding the feedthrough pins and connectors). Be-Cu push-on 

connectors are also used to attach the RD Faraday cup wire to the Faraday cup (via a mating 

pin pressed into the FC), as well as to its own single-pin, HV instrumentation feedthrough. 

The connection to the FC is shielded by the RD end cap (see Fig. 4-11), and the 

feedthrough connection is shielded by a copper sleeve (completely enclosing the connector 

and feedthrough pin). 

Outside the chamber, Be-Cu connectors attach the three coaxial sample cables to the 

feedthrough. This arrangement is shielded by al" dia., 3" sleeve attached to the chamber. 

The primary sample signal is taken into the Model 616 electrometer via a triaxial input cable 

and connector [Keithley Model 6011], located at (F) in Fig. 4-8. This connection is made 

via a junction box (G). The two tertiary cables are joined via a 3-way BNC connector (H), 

and their combined signal is taken into the Model 160 electrometer via a standard banana 

plug. The coaxial cable carrying the RD signal attaches to the HV feedthrough with an 

MHV connector, and the signal delivered to the Model 616 electrometer via a junction box 

[(I) in Fig. 4-9], triaxial cable (J), and connector identical to those used for the sample 

current 
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(c) Grounding 

The following grounding scheme is employed in an effort to prevent ground loops: 

1. Sample wires inside the chamber are bundled together with copper wire, their 

respective braided shields in solid electrical contact with each other. These shields 

are grounded to the chamber via a single copper wire running from the bundle to a 

bolt on the bottom of the chamber apparatus [ground (1) in Figs. 4-8 and 4-9]. The 

bundle has no other points of contact with the chamber. 

2. Outer shields on the exterior sample-current and detector-current cables are 

connected to each other at a single point, (K) and (L), respectively, and to the 

electrometer case grounds via the triaxial input connectors [grounds (3) and (4)]. 

3. Inner shields on the sample- and detector-current triaxial cables are grounded 

through their respective power supplies, as are the shields on the exterior coaxial 

return-cU1Tent cables [grounds (5) and (6)]. 

4. The grounding plate (M) sU1Tounding the RD Faraday cup is grounded to the FC 

signal wire shielding (N), which is itself grounded to the chamber via a copper wire 

to a screw on the RD housing at (0) [ground (2)]. The cable shielding does make 

contact with the chamber (via the chamber apparatus) at several other locations, 

though these contacts are intennittent and should not be considered solid grounding 

points. 

[Note: Grounds (1) and (2) are regarded as separate grounds, since they attach to the 

chamber at different locations. Grounds (3-6) are all "third-prong" grounds, where the 

third-prong ground of the power strip is connected by a single grounding line to the master 

ground terminal strip of the chamber. The terminal strip itself is connected to the third 

prong of a single 110 V wall socket] 

It is noted that replacement of the exterior coaxial cables in favor of (low-noise) 

triaxial cables will allow all inner shields (outside of the chamber) to be biased (floated) 

along with the signal-carrying conductors. Such an arrangement will aid in the reduction of 

leakage current (resulting from the biasing of the samples and RD Faraday cup with the 
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signal-carrying conductors within the cables). 

4.7 Chamber Apparatus 

The Sample-Detector Assembly (depicted in Fig. 4-13) consists of the RD (Fig. 4-

14), the Sample-Block Assembly (Fig. 4-5), and a support structure [described in (4.7.2) 

and (4.7.3)]. This structure, enclosed by the magnetic shield described in (4.3.2), forms 

the Chamber Apparatus. (Major constituents of the various subassemblies are summarized 

in Table 4.9.) This "soup can" assembly is attached to a combination linear/rotary motion 

feedthrough via an adapter (A in Fig. 4-13) and inserted into the vacuum chamber from the 

top, as depicted in Fig. 4-1. Imponant Sample-Detector Assembly and Chamber­

Apparatus design parameters are summariz.ed in Tables 4.10 and 4.11. 

Almost every piece of the Chamber Assembly was custom designed and fabricated. 

As the heart of this experimental design, it will be helpful to discuss its components in 

some detail. First however, a summary of major design decisions is presented. 

4. 7 .1 Design History 

Once again recall the desire for simultaneous angle- and energy-resolved 

characterii.ation of the scattered beam. The decision to use a single, rotatable detector to 

obtain angle-energy-resolved measurements was first A single detector was selected (as 

opposed to an array of detectors situated at various scattering angles about the sample) 

because a suitable model had already been designed and built (4.6.4). This choice then 

dictated that the detector be rotatable about the sample. The apparatus resulting from these 

initial design decisions is depicted in Figure 4-13. Referring to Fig. 4-16, the sample is 

tilted 45° to allow the detector to be placed farther from the target within the confines of the 

vacuum chamber. Positioning the detector as far from the sample as possible, along with 

elevating the detector above the incident beam and angling it 59° down (in order to aim it at 



FIG. 4-13. Sample-detector assembly. 

See Figs 4-10 
and4-13 

@) 
I See Fig. 4-14 I 
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TABLE 4.9. Major constituents of various subassemblies. 

Assembly 

Chamber Apparatus 

Sample-Detector ~mbly 

Sample Block Assembly 

Rotatable Detector (RD) 

Suppon Structure 

Consists of: 

sample-detector assembly, magnetic shield 

sample block assembly, rotatable detector, spur gear, 
rotary cable, support structure 

sample block, sample holders, samples, heater, 
mounting plate, copper shield 

detector housing, ground plate, Teflon insulating 
sleeves, Faraday cup 

Base plate, axle, rotating sleeve, rotating plate, RD 
anns, support rods, top plate, feedthrough adapter 

the center of the sample), minimizes the range of scattering angles over which the detector 

housing blocks the incident beam (Fig. 4-17). With the detector placed at low a's, the 

limiting factor becomes the width of support arm [(I) in Fig. 4-14] rather than the width of 

the RD (G). This arrangement allows for characterization of the scattered beam for 14° Sa 

:s; 76" (see Fig. 4-16). To enable measurements at a's > 76°, a second suppon arm-one 

that angles the RD at 45" rather than 59°-is also available. 

Two imponant operational points regarding the above arrangement should be 

mentioned, both stemming from the fact that as the RD rotates about the sample, the 

azimuthal angle of the scattered beam , q>5 (see Fig. 4-2), is continually changing. First, 

from Fig. 4-2, it is clear that the ratio of the change in a to the change in G>s is nonlinear as 

the detector moves about the sample. The specific relationship between these two angles is 

given in Appendix B. Secondly, this arrangement does not allow for meaningful angular 

crossections of the scattered beam in the case of a non-normal incident beam. 1bis is 

because, unlike normally incident beams, non-nonnal incident beams produce scattered 

beams which are not azimuthally symmetric77.-i.e., the scattered beam becomes a function 
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FIG. 4-14. Rotatable detector (G) and mounting collar (H) as mounted on 59° arm 
(I) and additional suppon ann (J). 

Rotatable Detector 

Rotating Plate 

Base Plate 

Rotary Cable 

Axle 

I I 
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I I 

to rotary feedthrough 
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FIG. 4-15. Rotatable detector rotation mechanism. 
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AG. 4-16. Rotatable detector mounted on 59° support arm. 
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FIG. 4--17. Minimum scattering angle available to RD mounted on (a) 45° arm 
(limited by detector housing radius) and (b) 59° arm (limited by detector arm width). 
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a= 23° 

FIG. 4-18. Limits on RD motion about the sample and regions of overlapping angle­
resolved measurements. 
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of <?s, for <?s :;: 90°. Since the apparatus described above cannot measure a range of n's for 

a single <p5, angle-resolved measurements are only meaningful for a scattered beam which 

does not depend on q>5-as should be the case for a normally incident beam. 

4. 7 .2 Rotatable Detector Mounting and Rotary Feedthrough 

The RD (G in Fig. 4-14) can be mounted at either 45° or 59° relative to horizontal, 

and rotated about the sample on a vertical axis (see Figs. 4-13 and 4-16). It is mounted in 

an aluminum collar (H), which is subsequently mounted to either the 45° or 59° arm (I). 

This arm is then mounted to the rotating plate (K) via the plate arm (J). Both the detector­

detector arm mounting and the detector ann-plate arm mounting have sufficient play to 

allow for aiming of the detector during assembly. The rotating plate consists of a gear (K) 

pressed onto a sleeve (L), and slipped over the support shaft (M)-itself pressed into the 

base plate (N); thus the support shaft acts as an axle about which the gear can rotate. The 

arrangement is lubricated with a small amount of colloidal graphite. Rotation is achieved 

with a matching gear attached to a rotary feedthrough [MDC Model BRM-133] via a cable 

arrangement (see Figs. 4-13 and 4-15). The rotary feedthrough is graduated in 5° 

increments, and bakable to 100 °C. Construction materials are almost exclusively 

aluminum, and all materials (with the exception of the rotary cable), including screws, are 

non-magnetic. In deference to their importance, the following points concerning 

construction of the Sample-Detector Assembly are emphasized: 

1. All materials within the can are nonmagnetic, in an attempt to eliminate all 

ambient magnetic fields and their associated effects on charged particle trajectories. 

2. There are no exposed insulators within the can, as electric fields associated with 

electrostatic charging of insulators under charged-particle bombardment will also 

influence charged-particle trajectories. 

3. Tolerances on most machined parts were to .001" in an attempt to keep the RD 
always looking at the center of the sample as it rotates about the sample. 



TABLE 4.10. Summary of sample-detector assembly parameters. 

Parameter 59° Ann 45° Ann 

Target Distance, dt: 7.9 cm 3.8 cm 

( dist from sample to 
front of 2nd aperture) 

Field of View 3.34xl0- 2 sr 3.34xl0-2 sr 
(1.5 cm spot on sample) (0.6 cm spot on sample) 

Angular Resolution 

point source: 1.2° (3.2x10-4 sr) 2.4" (l.4xl0- 3 sr) 
1.5 mm beam spot: 2.3° (1.3xl0-3 sr) 4.8" (5.5xl0-3 sr) 

Range of Scattering Angles 14° - 76" 35· - 90" 

TABLE 4.11. Chamber-assembly specifications. 

Diameter: 

Height: 

Range of Motion 

Linear. 

Rotational: 

5.3" 

9.25" 

±0.25" from center in x 
±0.25" from center in y 
±0.50" from center in z 

full 360° about the z-axis 
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4. 7 .3 Support Structure 

The suppon structure is that portion of the chamber apparatus which facilitates 

mounting of the Sample-Detector ~mbly in the vacuum chamber. It consists of a 

mounting arm (A in Fig. 4-13), a top plate (B), and two suppon rods (C). The design 

provides for a rigid, stable structure as mounted to the combination linear/rotary 

feedthrough shaft. The presence of the two suppon rods precludes full rotation of the RD 

about the sample (Fig. 4-18), though the RD's range of motion is more than adequate to 

cover the full range of scattering angles. Note from the figure that this arrangement allows 

for angle-resolved measurements to be taken symmetrically about the x-axis over a 

moderate range of scattering angles (0° to 23°, and 87° to 90°). For example, a 

measurement at a:=23° may be taken with the RD positioned at <p5 = ±30° (from the 

conversion table in Appendix B), and a measurement at a:=87° may be taken at <p5=154° or 

at <ps=206°. Such a capability will prove useful when verifying the RD's alignment 

(6.3.2). 

4. 7 .4 Cleaning and Assembly of Chamber Apparatus 

One hundred and twenty-five parts together comprise the chamber apparatus. 102 

All parts were cleaned and assembled using standard UHV procedures. The assembly 

sequence is important, involving a number of critical steps that can easily be overlooked. 

Consequently, a checklist detailing the assembly procedure has been prepared. 103 

4.8 Measurement Technique 

Assessing the reliability of any set of physical measurements requires a detailed 

knowledge of how the measurements were made-that is to say the measurement 

technique. As an example, the checklist detailing measurement procedures for total o and Tl 

determination is given below. Similar procedures for 6(E), 6(a), 11(a), 6(a, E), and 



11{a.E) have been prepared and are compiled in a handbook kept with the apparatus. 

Total 6 and 11 Measurement Checklist 

Prelimirwy Coofi~ration L Preparation 
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1. Chamber apparatus - centered in chamber (x=O", y=O", z=4. 7 5") 

2. Rotate chamber apparatus to q,=20° (to block incident beam from sample during beam 

warm-up) 

3. Sample current electrometer (Keithley 616) 

a. Range - 10-6 A 

b. Mode - fast 

c. Sensitivity- auto 

d. Power- on (30 min. wann-up) 

4. Return currentelectrometer (Keithley 160) 

a. Range - 100 nA 

b. Power- on (30 min. wann-up) 

5. Record base chamber pressure 

6. Electron gun 

a. Beam energy - set to desired value 

b. Power- on (60 min. wann-up) 

c. Focus - appropriate for beam energy 

Measurements 
1. Sample power supply- check set to 0 V. 

2. Sample power supply - on. 

3. 2.ero electrometers 

4. Rotate chamber apparatus to q>=0° 

5. RD - check out of beam line 



6. Visually center beam on sample 

7. Adjust focus for smallest beam spot 

8. Record operating chamber pressure 

9. Record unbiased sample cUITent (Iscoi) 

10. Record unbiased return CUITent arco)) 

11. Deflect beam into large FC 

12. Record beam current (lb) 

13. Return beam to center of sample 

14. Sample power supply - set to +SO V 

15. Record biased sample current (Iscsoi) 

16. Record biased return current (Il'(so>) 

17. Calculate 6 via 

O = 1,(50) - lr(S0) - l1(0) + lr(O) 

lb 

18. Calculate 11 via 
_ lb - l1(50) + lr(SO) 

llce> - I 
b 

19. Repeat steps (6) - (18) for all desired beam energies. 
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Having detailed the measurements to be perfonned, as well as the apparatus and 

technique for perfonning them, attention is now turned to verification of the apparatus and 

technique. 
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CHAPI'ERS 

SUPPORT EQUIPMENT TESTING 

Testing of the apparatus to date has consisted of (i) operational characterization of 

the support equipment and (ii) overall evaluation of experimental design and technique. 

This chapter summam.es results of the former, detailing operating characteristics of the 

vacuum system (5.1), electron gun (5.2), detection systems (5.3), and motion 

feedthroughs (5.4). Evaluation of the experimental design as a whole-ie., chamber 

apparatus performance and measurement technique-is addressed in Chapters 6 and 7. 

5.1 Vacuum System 

The vacuum system described in Chapter 4 has been characterized previously with 

respect to total chamber pressure, levels and types of contaminants, and pump-down 

times, 82 though not as configured for the present investigation (Le., with the chamber 

apparatus installed, and with an operating electron source incident on a sample). In a bare 

configuration, the system has been shown capable of attaining base pressures of -2xl0- 11 

Torr, with negligible carbon contamination (generally regarded as the most obnoxious). 

Results of testing in the chamber's present operational configuration are given below. 

5.1.1 Total Chamber Pressure and Pump-Down Time 

Total chamber pressures are distinguished as either base pressures or operating 

pressures. A system's base pressure is the lowest attainable pressure with only the 

pumps-and no other equipment-in operation, and it is this parameter that is generally 

cited when characterizing the quality of the vacuum. A system's operating pressure is that 

pressure typically present within the chamber under operating conditions-e.g., with an 

operating electron beam incident on a sample (in the case of the present investigation). 

Table 5.1 summarizes the results of four chamber pumpdowns performed over a four-
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TABLE 5.1. Vacuum chamber performance. 

Pumpdown Bakeout Base Pressure Range (Torr) 

1 none High 10-8 after 1 day, low 10-8 after 10 days, mid-10-9 

after 15 days 

2 1s0c c12 hrs) Low 10-9 immediately 

3 l00°C (24 hrs) Low 10-9 immediately, high 10-10 after 1 day 

4 97°C (20 hrs) Low 10-9 immediately, high 10-10 after 1 wk 

month period during system testing.104,ios Note that the pressures listed are base 

pressures (typical operating pressures are 2-5 times greater, in the mid-10-9 Torr range). 

These data show that the vacuum system, as configured for this investigation, reaches 

UHV pressures with only modest bakeouts. (The rotary feedthrough and Teflon insulating 

sleeves in the RD presently limit bakeout temperatures to below 100°C.) 

5.1.2 Contaminants 

As mentioned earlier, UHV work is not only a question of total pressure, but also 

of the partial pressures of co11taminants. The ROA allows for the identification of contami­

nant species within the chamber. 84 Certain limitations in species identification arise from 

the fact that the RGA uses mass-to-charge ratios as the means of distinction; different 

species with the same mass and charge, therefore, cannot be distinguished directly (e.g., 

N2+ and CO+). Figure 5-1 is a representative plot of partial pressure vs. atomic weight for 

residual gas in the chamber with no equipment running, at a base pressure of l.4xl0- 9 

Torr. Atomic and molecular hydrogen, carbon, oxygen, OH, water, CO/N2, and CO2 are 

shown to be the major contaminants. The relatively large water presence is the result of 

only a modest bakeout having been performed. The reason for the presence of CO and 

COi remains unclear, though may have to do with carbon contamination introduced with 
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FIG. 5-1. ROA spectra for quiet chamber (no equipment operating). 
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the chamber apparatus (discussed further in Chapters 6 and 8). The peak at 28 amu could 

be attributed to molecular nitrogen CN2) and/or CO, though the relative abundance of 

carbon (mass 12) and atomic oxygen (mass 16), and absence of atomic nitrogen (mass 14), 

suggests that most of this peak can be attributed to CO. The absence of fluorine (mass 19) 

takes on significance in Chapter 6. 

5.2 Electron Gun 

5.2.1 Beam Current 

Beam current characteristics of primary concern are magnitude and stability , where 

stability refers to the dynamical behavior of the magnitude. Specifically, it is imponant that 

the magnitude of the beam current not vary significantly over time periods on the order of 

those required to perform individual measurements. Tests regarding these parameters were 

performed by directing the beam into the large FC in the sample and measuring overall 

beam current, as well as its behavior over time. Data for magnitude are presented in 

Table 5.2, and show typical beam currents to be -10 µA. Note that the values presented 

represent the range of beam currents measured for various beam energies over several 

months of operations; they do not represent the variation in beam current for a given trial. 

Beam-current stability observations have been somewhat informal to date; a quanti­

tative assessment of beam stability is therefore unjustified for most beam energies. The 

exception is a 32-hour investigation for Eb= 2.0 keV. Results of this test are depicted in 

Fig. 5-2. These data show worst-case variations -4% over periods of several hours, and< 

~0.3% over periods of several minutes. These results represent exceptional stability. As a 

qualitative observation, similar behavior has been observed for energies greater than 

approximately 1.0 keV. Below 1 keV the beam current appears considerably more un­

stable, though this has not yet been quantified. Stability over time periods on the order of 

minutes is particularly important in that this is the time period required to perform a full set 
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TABLE 5.2. Typical beam-cunent magnitudes and spot su.es for various beam 
energies. 

Spot Si7.e (mm) 
Beam Energy Beam Current (fWHMfrom Focus 

(keV) (µA) beam profiles) (spot si7.e only) 

1.0 8.6 - 14.9 1.3 0 

1.5 9.5 - 15.0 1.4 0 

2.0 9.1 - 16.5 1.35 15 

2.5 6.5 - 15.8 1.35 30 

3.0 5.7 - 16.3 1.2 20 

20 

2.0 keV 

19 --- 2.7 keV 

------1.0 keV 

18 

17 

---
16 

15 ----------· 
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FIG. 5-2. Electron gun beam current stability. 
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of measurements. [N01E: significant changes in beam current can occur rapidly as a result 

of filament wear or insufficient warm-up time, though this is not the normal state of affairs 

and such an event would be immediately noticeable should it occur during a measurement] 

5.2.2 Beamspot 

Beamspot characteristics of primary concern are visibility, mobility, and size. 

Visibility and mobility relate to one's ability to place the spot at the desired location on the 

sample, while sire of the beam spot will determine the angular resolution of the rotatable 

detector (see, for example, Table 4.10). 

Initial visibility and mobility tests were conducted with a small phosphorous screen 

in the sample holder. The beam spot was easily visible as a blue spot on the screen at all 

energies above a few hundred eV. Moving the spot is achieved without difficulty via the x­

and y- deflector plate controls on the electron gun controller, and the range of motion 

extends beyond the primary sample in all directions. Subsequent testing involving an 

aluminum sample (discussed in Chapter 6) revealed that the beam was also visible ( once 

again as a blue spot) on aluminum at all beam energies above 900 e V. [NOTE: If the spot 

is not visible, the four Faraday cups machined into the sample can be used to center the 

beam on the sample by simply noting the settings on the horizontal and vertical deflectors 

when the spot is in each Faraday cup, and using this information to calculate the proper 

settings for the point midway between the four cups.] 

Characterization of the beamspot sire is accomplished by directing the spot onto the 

sample and, using the linear motion feedthrough, tracking one of the small FC's built into 

the sample across the spot in they-direction. Sire determination is then accomplished by 

plotting sample-current vs. sample position. This was accomplished for a range of 

energies, and the results are presented in Table 5.2. Note that adjusting the electron gun 

focus will change the spot size for a given target distance. The data given in the table 
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FIG. 5-3. Typical electron gun beamspot profile. The spot size is seen to be 1.35 
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represent the smallest spot sue attainable. A typical current vs. position beam profile is 

illustrated in Fig. 5-3. Similar testing must be accomplished with the ion gun, though this 

has not yet been done. 

5.3 Detection Electronics 

Characterization of the detection systems consisted of stability testing of the 

electrometers, and determination of various background currents, or noise. 

5.3.1 Electrometer Stability 

Performance testing indicates that the Keithley Model 616 electrometers require a 

minimum 30-minute warm-up before they will maintain a current zero; 1-2 hours, 

however, is preferable. Once warmed up, both electrometers hold their zeroes to within 

- lxl0- 14 A over periods of several hours. 

5.3.2 Background Currents 

Shielding of connections has evolved through several generations, where changes 

leading to the present scheme have been based primarily on noise testing. Table 5.3 

summarizes the background currents registered by the apparatus as presently configured. 

Referring to the table, noise due to ion gauge operation does not pose a problem in that the 

ion gauge need not be operating while measurements are being performed. Similarly, noise 

due to the ion pump can be eliminated by turning it off while making measurements, 

though this is only necessary when accuracy in the sample current measurements on the 

order of 10-14 A is required (e.g., for energy-resolved SE determinations). Noise in the 

electrometers with all equipment turned off was found to be -1-7xl0- 15 A, 106 in agreement 

with the manufacturer's claims for the sensitivity of the instruments.95 Finally, detector 

currents induced by moving the RD (-10-11 A) pose no difficulties as measurements are not 

taken while the RD is in motion. 



TABLE 5.3. Magnitude and sources of background currents 
(noise). 

Measurement Noise Source 

Sample Current -lQ-14 A ion pump 
-10·13 A ion gauge 

Rotatable-Detector Cwrent -lQ-14 A ion gauge 

-10- 11 A detector motion 
-10-12 A leakage current 

(FC bias -50 V) 

Noise Detection Limit 10-1s A 

5.3.3 Rotatable-Detector Leakage Current 
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Leakage current in the RD, resulting from negative biasing of the RD Faraday cup, 

currently poses a significant problem for energy-resolved angular measurements. Leaka.ge 

current refers to the migration of charge from the Faraday cup [A in Fig. 4-1 l(a)] to the 

ground plate (J), via the Teflon sleeve (I) that separates the two. Calculations in App. A 

reveal that for a leakage current -10-12 A, induced by a potential of -50 Von the Faraday 

cup, the resistance for the Teflon is on the order of 1Ql3 Q-a reasonable value. Biasing 

the ground plate to approximately the same potential as the FC, and replacing the Teflon 

with a better insulator should all but eliminate this difficulty [see (8.1.2)]. 

5.4 Motion Feedthroughs 

5.4.1 Rotary Feedthrough 

Rotary tests of the RD about the sample revealed the length of the rotary cable 

(connecting the rotary feedthrough to the RD gear) to be important Specifically, the cable 

must be long enough to allow for rotation and translation of the entire chamber apparatus, 

but short enough to minimiz.e play, or "sloppiness" in the motion of the RD. 
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Experimenting with cable lengths showed 28 cm to be sufficiently long to allow for all 

desired motion of the can, while providing for smooth motion of the RD. Nevertheless, 

some backlash ( ~9°) exists when reversing the direction of motion of the RD. 

5.4.2 Linear/Rotary Feedthrough 

No difficulties have been experienced in moving the can through its full range of 

motion, however one must be careful not to rotate the can more than one full revolution -

either clockwise or counterclockwise - in order to avoid tangling the RD rotary cable with 

some of the interior wiring. The sample is aligned in the chamber for nonnally incident 

electrons for the following settings on the linear/rotary feedthrough: q,=0°, x=O, y=O, and 

z=4.75". 
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Reproduction of previously reported, widely accepted results is perhaps the surest 

way to validate new equipment and methods. This chapter describes efforts to reproduce 

previously reported SE and BSE yields for bulk aluminum under electron bombardment at 

normal incidence, using the apparatus and technique described in Chapters 3 and 4. 

Aluminum was chosen for its status as an oft-charactemed material in the literature, 2 as 

well as an ubiquitous material found in spacecraft construction. In hindsight, the choice of 

aluminum as the material for initial verification testing has proven less than ideal, though 

highly educational-an observation addressed further in Chapter 8. 

Preceded by a brief description of the sample and its preparation (6.1), total 8 and 11 

values obtained in this investigation are presented, followed by the results of four 

additional diagnostic investigations (6.2). A brief discussion of preliminary energy-, 

angle-, and angle-energy measurements (6.3) concludes the chapter. Comparison of 3 and 

Tl values presented here with values found in the literature is deferred until Chapter 8. 

6.1 The Sample 

Given the objective of this work-to characteri2.e a pure, smooth Al surface-and 

given aluminum's strong penchant for oxidation, careful sample preparation is clearly 

important. The aluminum sample used in this investigation is a commercial sample of 

99.99% (4N) purity.107 Major bulk contaminants are Ca (13 ppm), Cu (12 ppm), Fe (<77 

ppm), Si ( <72 ppm), and Mg (17 ppm). Prior to its characterization, the sample underwent 

three phases of preparation: machining, polishing, and cleaning. Machining entailed 

cutting the aluminum to the proper si7.e and drilling the various Faraday cups into the 
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sample (see Fig. 4-6). Polishing, required to effect a smooth surface and to remove the 

bulk of any surface oxidation, was accomplished in several stages. After machining, the 

sample was hand-polished in successive steps with fine-grit sandpaper, and 20 µm, 3 µm, 

and 0.3 µm Ah~ powder. Mechanical polishing completed the process. It is significant 

to note that the cloth used in the mechanical polishing was not clean, but replete with by­

products of previously polished materials (this fact likely accounts for some of the data to 

be presented later). Cleaning of the sample, intended to remove contaminants such as dust 

and fingerprints, was accomplished ultrasonically in baths of methanol and methalene 

chloride just prior to its insertion into the vacuum chamber. Nevertheless, the sample was 

exposed to the ambient atmosphere for approximately one hour prior to evacuation of the 

chamber-more than enough time to permit significant oxidation. 

6.2 Total SE and BSE Yields, 6 and T\ 

Results of total 5 and T\ determinations are listed in Table 6.1, and depicted in Fig. 

6-1. The exact procedure used to obtain these values is that presented in ( 4.8). 

Immediately during the course of the measurements the sample cU1Tent was observed to be 

highly dynamic, while the beam curent remained stable. With the beam continuously 

bombarding the same location on the sample's surface, the general trend was for the sample 

current to start low and then increase. Upon moving the beam spot to a fresh location on 

the sample, the sample current would initially increase very quickly, become quasi-stable 

after -20 minutes--ie., become stable over time periods on the order of minutes-but 

continue to increase over longer periods. Hence, two sets of measurements were perform­

ed-one immediately upon moving the beam to a new location, and one after a period of 

approximately 20 minutes, when the dynamics had slowed. 

Noting that the initially fast changing sample current bad a pronounced effect on 

a-as evidenced by the large spread in initial 6's-but an almost negligible effect on the 



TABLE 6.1. Measured 6 and 11 for aluminum. 

Beam Energy (ke V) 

1.0 

1.5 

2.0 

2.5 

3.0 

lni1W 

.73 -.68 ±1 % 

.72 -.57 ±1 % 

.64 -.56 ±1% 

.57 -.50 ±2% 

.54 -.46 ±3% 

6 

After -20 min. 
.43 ±2% 

.33 ±2% 

.29 ±3% 

.25 ±3% 

.22 ±5% 

122 

11 

Ini1w After -20 min. 
.237 ±3% .200±3% 

.223 ±3% .196 ±4% 

.208 ±3% .193 ±4% 

.206 ±4% .195 ±4% 

.200 ±6% .199 ±6% 

Note: Listed uncertainties indicate uncertainty due to instrumental resolution, but exclude possible 
systematic errors. 

Base Pressure: lxto-9 Torr 
Operating Pressure: Sxt0-9 Torr 
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FIG. 6-1. Measured 6 and 1l for aluminum (after Table 6.1). 
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11 's, it was decided that a likely cause for this behavior was a dynamical evolution of the 

surface condition, to which 6 would be extremely sensitive, and 11 less so. Specifically, 

one could argue that something was either being deposited on or removed from the surface 

by the beam. This conjecture lead to a series of investigations designed to determine the 

nature of the surface modification. Foregoing the suspense, the conclusion resulting from 

these investigations (described below) is that surface layers are being both removed from 

and deposited on the surface as a result of the incident electron beam, and in a manner that 

is at least partially understood. In particular, we contend that weakly bound surface 

contaminants are being evolved on a rapid times scale, an oxide layer is being removed on 

an intermediate time scale, and disordered carbon is being deposited on a longer time scale. 

Evidence supporting this conclusion is summarii.ed below. 

6.2. l Characterization of the Chamber Atmosphere 
with Beam on Sample-RGA Spectra 

Given aluminum's well-known proclivity to oxidii.e, the search for surface 

modifications began with a search for evidence of electron-beam-induced dissociation of an 

oxide layer. Dynamic monitoring of the chamber atmosphere with the RGA proved an 

ideal tool for this search. 

Removal of contaminants from a bulk surface via energetic particle bombardment is 

a well-documented phenomenon.108,1@ Ion sputtering-Le., bombardment of a surface 

with energetic (-500 eV) ions-is in fact a technique often used by surface scientists to 

remove surface contaminants. In the case of surface layer removal by incident electrons, 

the effect is known as Electron Stimulated Desorption (ESD). ESD occurs when electrons 

incident on a surface deposit sufficient energy into the surface layer to break the bonds of 

physisorbed or chemisorbed species residing there, liberating them into the ambient 

atmosphere as a gas. This effect should be observable in RGA measurements via 
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(i) elevated partial pressures of the desorbed species, and 

(ii) increased elevations of partial pressures with decreasing incident-beam energy 
(i.e., assuming the incident electrons posses energies greater than those 
binding the contaminants to the surface-energies -me V for physisorbed 

species, and ~ 1-10 e V for chemisorbed species-the ESD efficiency should 
increase with decreasing incident energy, as more energy is deposited near the 

surface). 

And indeed this behavior is observed in RGA measurements taken during electron 

bombardment of the aluminum sample. 

(a) Description of data 

Figures 6-2 through 6-8 are plots of partial pressure vs. time for a variety of 

contaminant species within the chamber atmosphere. The species are atomic oxygen (0), 

water <H20), carbon monoxide (CO), and molecular oxygen (02), with atomic masses of 

16, 18, 28, and 32 amu, respectively. [NOTE: In addition to CO, N2 also has an atomic 

mass of 28 amu.] Inspection of these figures reveals that the data were taken for a variety 

of conditions (with the electron beam "off," the electron beam "on" and directed into the 

large FC built into the sample, and with the beam "on" and located on the sample surface), 

at a variety of beam energies, and while the beam spot was being moved about on the 

sample surface. The time between successive data points is 15 seconds. 

Thorough, quantitative analysis of these data would likely lead to a number of 

interesting suppositions regarding the nature and sources of some of the contaminating 

species present within the vacuum chamber and on the sample itself. For the purposes of 

this thesis, however, such an analysis is not necessary; the following general observations, 

readily gleaned from the RGA measurements, contain abundant clues regarding the nature 

of the interactions occurring on the sample surface: 

1. In the absence of an operating electron beam, partial pressures of the monitored 

species remain steady (at least over periods of ~5-10 minutes) [Fig. 6-2]. 
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2. With the electron beam turned on but directed into the sample FC, a steady state 

is quickly achieved. with baseline pressures only slightly elevated (10% - 20%) 

over their corresponding beam-off values (Figs. 6-3 and 6-4 ). 

3. With the electron beam turned on, directed onto the sample surface, and held in 

a fixed location. a steady state is quickly achieved (-15 seconds), but with baseline 

pressures elevated four- to ten-fold over their corresponding beam-off values 

(Figs. 6-5 and 6-6). 

4. Relocations of the beamspot on the sample surface are immediately accompanied 

by measurable elevations (above the beam-on-surface baseline values) of the partial 

pressures of some species-most notably CO and COi-which then quickly decay 

back to their beam-on-surface baselines [Figs. 6-4, 6-5, 6-6, and 6-7(a), and Table 

6.2]. Furthermore, the magnitude of the pressure elevation exhibits a dependence 

on the distance between the old beamspot location and the new beamspot location 

(increasing for distances greater than -2mm) [Figs. 6-5 and 6-7(a), Table 6.2]. 

5. Reductions in the incident beam energy coincident with beamspot relocations 

result in successively higher partial pressure elevations for all monitored species 

(Fig 6-7, Table 6.3). 

6. Reductions in the incident beam energy with the beamspot remaining at a fixed 

location result in differing partial pressure elevations (above beam-on-surface 

baseline values) for different species at different energies (Figs. 6-8 and 6-9). That 

is, the magnitude of a pressure elevation for a particular species exhibits a 

dependence on the incident beam energy. 

( b) Analysis 

Comparison of the above observations with the expected impact of ESD on 

concurrent RGA measurements [points (i) and (ii) above] yields strong indirect evidence 

for the presence of surface contaminants on the sample, and the (at least partial) removal of 

this layer by the incident electron beam. Pertaining to (i) above, observed CO and CO2 

partial pressure elevations above baseline with beamspot relocation suggests that these two 

species are being desorbed by the electron beam. The subsequent rapid decay of their 

partial pressures back to baseline values indicates these contaminants are quickly depleted 
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FIG. 6-2. Baseline partial pressures of 0, H20, C0/N2, and 0 2 in the chamber with the 
electron beam turned off. Base Pressure: l.9xl0-9 Torr. 
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FIG. 6-3. Effect on baseline partial pressures (of the four species listed) of turning on the 
electron beam. directing it into the sample FC (t=IOO s), and directing it onto the sample 
surface (t=l50 s). Base Pressure: 1.2xlQ-9 Torr. Operating Pressure: 3x1Q-9 Torr (beam 
in cup), l.4x10-S Torr (beam on surface). Beam Energy: 2.0 keV. 
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FIG. 6-4. Effect on partial pressures (of species listed) of relocating the electron beam on 
the sample surface. The beam spot is first moved out of the FC and onto the surface 
(t=425 s), and then moved to a fresh location on the surface, very near the old (t=500 s). 
Base and operating pressures are as given in Fig. 6-3. Beam Energy: 2.0 keV. 



(a) 

1: 
b 
; 
"' i 
I 

10-8 

109 

l(fll 

l(fll 

., 

ivii~i•iiii~iiiiiii9ii 
+·o 

~i~9•9••tils• • 
*=H20 

,...+,,__....__,_..._...-r-,,-~.,._...,....,...,........,,..,,... _______ 0:ro/N'2 

0 

♦ 
♦ •• • ♦• .. • •• •• 

♦ 

Beam moved to new location, 
far from old (-lOmm) 

•=02 

100 200 300 400 S00 600 

•••••••••••••••••I •••••e•~&•••&&!& 
. . . ... ... ... 

♦ ·• ••• ••••••••••••• •••••••••••••••• 

I Beam remaining on same location] 

' 

•:o 
•:H20 
o:cOJN2 
•:02 

600 700 800 900 1000 1100 1200 

10-8 ----------------- 0 

~~Q~~iVii~~ ii~iiii•ii~iii~iiiii~ii +:o 
+ ~~o (c) 1: 

t:, l<J9 

~ 
:;:co2 

•=02 

l ................................. . 
]I 10-10 ,-----;:;====--~~~~====~---, Note change in 
i New location monitored species 
~ (-2mm) New location 

(-lOmm) 
l<fll 4,..-. __ ...._ _____ .._ ___ __,-....-__, 

1200 1300 1400 1500 1600 1700 1800 

Time (sec) 

130 

FIG. 6-5. Effect on partial pressures (of listed species) of relocating electron beamspot on 
sample surface (at t=lOO s, t=l25 s. and t=325 s). Base and operating pressures are as 
given in Fig. 6-3. Beam Energy: 2.5 keV. 
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FIG. 6-6. Effect of electron beamspot relocation (on sample surface) on partial pressures 
of listed species. (Note the change in species from previous figures.) Base and operating 
pressures are as given in Fig. 6-3. Beam Energy: 2.5 keV. 
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FIG. 6-7. Effect of changing both incident electron beam energy and beamspot location on 
partial pressures of listed species. The beam energy is reduced from 2.0 keV to 1.5 keV 
(t=675 s), and then further reduced to 1.0 keV (t=l275 s). Base Pressure: 1.4xI0- 9 Torr. 
Operating pressures vary in low-10-8 Torr range. 
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TABLE 6.2. Changes in partial pressures resulting from electron bombardment of 
sample of (Eb = 2.0, 2.5 ke V). 

Species 
(atomic mass) 

0 (16) 

H2O (18) 

CO/N2 (28) 

02 (32) 

CO2 (44) 

Relative increase in partial pressure due to moving beam ... 

from initial spot to from initial swt to 
outofFC new spot C2 mm away} new spot no mm away) 

10 1.2 

3 1.25 

10 1.2 2 

4 

* 1.2 2 

Base Pressure: - lxl0· 9 TOlT 
Operating Pressure: -lxl0- 8 Torr 

- indicates no detectable change 
* indicates not investigated 

TABLE 6.3. Effect of beam energy reduction on 
vacuum chamber C(h levels. 

Beam Energy 
(keV) 

2.0 

1.5 

1.0 

% partial pressure increase above 
baseline for new spot (CO2) 

200 

350 

600-700 (est.) 
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(via ESD) from the sample location under bombardmenL Pertaining to (ii) above, an 

incident-beam energy dependence of partial pressure elevations is also observed, 

reinforcing the ESD hypothesis. One further point of interest is the considerable desparity 

between beam-off and beam-on-surface baseline partial pressures. The significant increase 

in baseline partial pressures of all species when moving from beam-off conditions (Fig. 6-

2) to the beam on the sample surface (Figs. 6-3 to 6-8), is plausibly explained by assuming 

the presence of each of the monitored species on secondary surfaces within the chamber-­

such as the chamber walls-whose supply of these contaminants is not readily depleted by 

the impacting scattered beam. 

The preceding data strongly point to the removal of material from the sample 

surface by the electron beam. Attention is now turned to studies revealing beam-induced 

deposition. 

6.2.2 Extended-Term Dynamic Studies of 6, 17 

Given strong evidence for the removal of contaminants from the surface, several 

extended-term dynamic studies of 6 and 11 (-10-30 hrs) were performed with the 

expectation that, at some point, all surface layers would be desorbed, the surface current 

would become completely stable, and the SE and BSE coefficients would then be those for 

clean Al (and therefore appropriate for comparison with the literature). For a given beam 

energy (LO keV ~Eb~ 3.0 keV), the beam was directed to a "fresh" location on the 

sample, which it continuously bombarded for the duration of the trial. Data from these 

trials are presented below. 

( a) Description of data 

The most complete set of data taken during these trials was that for the 2.0 ke V 

beam; Figs. 6-10 and 6-11 are plots of 6 and 11 vs. time for this case. Data (i.e., the 

electric current measurements with which 6 and Tl were calculated) were taken at 
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successively longer intervals as the trial progressed, reflecting the slowing of the dynamics 

over time. Measurements were recorded every 10 seconds for the first 3 minutes, then 

every minute for the next 7 minutes, and then at progressively longer intervals through the 

first 5 hours, at which point measurements were recorded approximately every hour 

through the end of the trial. Fig. 6-lO(a) depicts 6 over the first hour, while Fig. 6-lO(b) 

illustrates both 6 and Tl over the entire trial. Note that these two plots are not to the same 

scale, and that the dynamics over the first hour are considerably different than those later 

on. Similarly, Fig. 6-1 l(a) depicts the behavior of Tt over the first half-hour, and Fig. 6-

11 (b) depicts Tl over the entire trial. 

One further observation during these long-term dynamic studies was the 

development of a dark brown spot on the sample at the beam location. Fig. 6-12 is a 

photograph of the sample, taken after it was removed from the chamber, clearly depicting 

the spot In a 1954 paper, Stemglass44 describes concern over a similar phenomena 

occurring under similar circumstances. He detennined the blemish to be a thin film of 

carbon, deposited on the sample by the electron beam, and whose sources were diffusion 

pump oil and his electron gun cathode (filament). Stemglass' solution to the problem was 

to use a mercury- rather than oil-diffusion pump, and to angle his gun such that the sample 

could not "see" the cathode, guiding the beam to the sample via magnetic deflectors. 

Following this example, the 2.0 ke V data described above was taken with the beam-spot 

location on the sample out of view of the cathode (where the FOV of the cathode is clearly 

discernible on the sample as a white "spotlight'' approximately 1 cm in diameter). Given 

that the blemish again developed, the effect does not appear to be (at least entirely) due to 

the deposition of cathode material onto the sample. Likely sources of contamination are 

discussed in (6.2.5). 



FIG. 6-12. Photograph of aluminum sample following long-term electron 
bombardment. The electron-beam-induced deposition is visible as a dark region 
at the center of the sample. 
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(b) Analysis 

Though the mechanism remains uncertain, the information presented above, both 

visual and quantitative, quickly leads one to the supposition that something is being 

deposited on the sample surface by the beam. Aspects of the data consistent with this 

hypothesis are: 

1. The appearance of some sort of deposit--i.e., the brown spot 

2. The behavior of 6. As time progresses and the thickness of the deposit 

approaches the maximum depth at which SE's are produced (~50-80 A)fJJ, one 

would expect the SE yield to approach that for the bulk material for whatever is 

being deposited Indeed this is just the behavior depicted in Figs. 6-lO(a) and (b); 

as time progresses and the deposit becomes (ostensibly) thicker, S appears to be 

leveling off asymptotically-decreasing by ~50% over 30 hours. 

3. The behavior ofTJ. One would expect that any surface-film deposition would 

initially have little effect on Tl, which is not particularly sensitive to surface 

condition. However, as the thickness of the film increases, its influence on 11 

should increase. Though not as compelling as the data for S, one can see such a 

trend in 11 in Fig 6-ll(a), beginning at time t:::0.15 hours (9 min); tt remains 

constant over the first 7 hours, and then decreases -9% over the next 25 hours. 

Two further points regarding the data should be mentioned. First, the behavior of 

11 over the first 9 minutes appears at odds with the deposition theory. No explanation for 

this behavior is offered at this time. Second, the issue of charging bas not been addressed. 

If material is being deposited on the surface (and indeed it is, as the following sections will 

confinn) and its conductivity is poor, charging of this material under electron bombardment 

is quite possibly skewing the data with which S and 11 are determined. 

Now that the likelihood of a beam-induced deposition has been established, 

characterization of this deposition, to include composition and depth, is the subject of the 

final two sets of data. 
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6.2.3 EDX I SEM analysis 

Following the SE and BSE characteri7.ations, the sample was removed from the 

chamber and delivered to the USU Electron Microscopy Facility, where an energy­

dispersive x-ray (EDX) analysis was performed with an Hitachi S-4000 field-emission 

scanning electron microscope (SEM). This instrument is capable of detecting Be and all 

heavier elements.110 Unfortunately, the lowest available probe energy with the SEM in the 

EDX mode is 10 keV, which is not particularly surface sensitive. Nevertheless, some 

evidence was obtained concerning the nature of the surface film deposited on the Al 

sample. 

( a) Description of data 

"Visual" images of the sample were taken by the SEM in the scanning microscopy 

mode and are shown in Fig. 6-13. The deposit is clearly visible on the sample surface as a 

darker gray area. This implies a drastic change in SE yield in this area, since this is what 

contrast in a SEM is based on (confirming, at least in a relative sense, the 6 measurements 

presented above). These images also show the sample to have a relatively smooth surface, 

with occasional small inclusions ( ~a few microns) embedded in the Al. 

EDX spectra for both the Al background and the deposited film are given in Figs. 

6-14 and 6-15. These figures depict total number of counts on the vertical axis vs. emitted 

(x-ray photon) energy on the horizontal axis, with elements corresponding to given electron 

transition energies labeling the various peaks. Finally, an EDX spectrum for one of the 

surface inclusions is presented in Fig. 6-16. 

(b) Analysis 

EDX spectra of both the background aluminum and the deposited layer reveal the 

presence of all major contaminants listed by the manufacturer of the sample (6.1), with the 

exception of Mg. Direct comparison of Figs. 6-14 and 6-15, looking for clues as to the 



(a) (b) 

(c) (d) 

FIG. 6-13. SEM micrographs of the aluminum sample depicting (a) the background 
aluminum surface, (b) the electron-beam-induced dark region, (c) an inclusion in the 
sample surface, and (d) a ten-fold magnified view of the sample inclusion. 
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FIG. 6-14. EDX spectra for Al sample, off the dark region, taken with probe beam 
energies of (a) 20 keV and (b) 10 keV. 
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FIG. 6-15. EDX spectra for Al sample, on the dark region, taken with probe beam 
energies of (a) 20 keV and (b) 10 keV. 
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FIG. 6-16. EDX spectra for surface inclusion on Al sample. Taken with a probe beam 
energy of 10 keV. 
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TABLE 6.4. Ratios of peak heights for prominent EDX features. 

Beam Energy Sample Area Intensity: Intensity: Intensity: 
(keV) Oto Si CtoO CtoSi 

10 background Al 2.67 0.13 0.67 

10 deposit 1.20 0.25 0.30 

10 inclusion 6.40 4.04 20.20 

20 background Al 0.74 0.19 0.14 

20 deposit 0.28 0.29 0.08 

30 deposit 

30 inclusion 2.00 0.79 1.58 

composition of the surface deposit, is difficult More telling is a comparison of relative 

amounts of oxygen, silicon, and carbon, presented in Table 6.4. An increase in the relative 

amount of carbon in moving from the background Al to the dark spot for the 10 ke V 

spectra (the most surface sensitive) is particularly apparent. Uncertainty in this result is 

attributable to instrument sensitivity. The penetration depth of the 10 ke V beam into the 

sample is on the order of micrometers, and assuming the deposited film to be -1 nm thick 

(3-4 atomic layers), it will show up at roughly a 0.1 % concentration level. Unfortunately, 

this is also the listed sensitivity of the instrument, 111 meaning the signal from the surface 

contamination is likely at or just above detectable limits. Nevertheless, evidence that the 

surface film is carbon, though not compelling, is present The presence of surface 

inclusions (Fig. 6-13) of varying composition is likely the result of polishing the sample 

with a used polishing cloth [see (6.1)] and not related to the deposition of material on the 

surf ace by the beam. 
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6.2.4 XPS analysis 

Subsequent to the SEM/EDX analysis, X-ray Photoelectron Spectroscopy (XPS) 

analysis of the sample was accomplished at the Vacuum Generators facility (England) using 

a FISSion Instruments XPS spectrometer. Source x-rays were 1489 eV Al Ka. with an 

energy resolution of 1 eV. As a technique, XPS is ideally suited to the characterization of 

the surface film in that it is highly surface-sensitive; its only weakness being an inability to 

detect H and He. Data and analysis are given below. 

( a) Description of data 

Figure 6-17 depicts binding energy (BE) plotted vs. kilo-counts per second 

(KCPS) for regions off of the dark spot (a) and on the dark spot (b) on the sample. Figure 

6-18 depicts comparisons of carbon levels on and off the dark spot (a) and oxygen levels 

on and off the dark spot (b). 

( b) Analysis 

Fig. 6-17(a) confirms what one would expect from the composition of an oxidized 

aluminum surface-the presence of both oxygen and aluminum. Carbon is also seen to be 

present in significant amounts. Contrasting these data, Fig. 6-17 (b) reveals that the surface 

film is comprised primarily of carbon. The carbon signal is nearly double that of the 

region off the dark spot, and the Al signal has all but disappeared, suggesting a carbon film 

thick enough (perhaps a few monolayers) to prevent the 1422 eV electrons [i.e., the 1489 

eV photon energy minus the 67 eV Al (2p) binding energy] from escaping from the 

underlying aluminum. The oxygen signal has decreased by a factor of three, though its 

continued presence may indicate that the carbon film is deposited on top of an oxide layer-­

meaning the oxide layer was not entirely desorbed before significant carbon deposition 

began. 
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FIG. 6-17. XPS analysis for the Al sample (a) off and (b) on the dark area. The probe 
beam consisted of 1489 eV Al Ka photons. 
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Inspection of Fig. 6-18 offers one further insight-that the chemical nature of the 

carbon on and off the dark spot is possibly differenL In addition to significantly increased 

amounts of carbon [Fig. 6-18(a)] and significantly decreased amounts of oxygen [Fig. 6-

18(b )], the plots reveal a shift in the peak BE of the carbon of -1.3 e V (in moving to the 

dark spot from off of the dark spot), and a shift in the peak BE of the oxygen to be -0.8 

eV. Shifts in BE peaks generally occur in XPS analysis for two reasons: sample charging, 

and chemical differences.112 In the case of sample charging, one would expect the same 

shift in both the C and O peaks. Since this is not the case, it is probable that at least some 

of the differential in the carbon spectra is due to the chemical nature of the film. 

6.2.5 Conclusions 

The above investigations demonstrate that: (i) contaminant species present on the 

sample surface were at least partially removed via ESD, (ii) a beam-induced deposition is 

occurring, and (iii) this deposit is (at least primarily) some form of carbon. The question of 

where the carbon is coming from, and the exact mechanism for its deposition, remains. 

system: 

Addressing the first question, there are a number of possible cafbon sources in the 

1. Wire insulation. A purple film noted on surfaces adjacent to the heater wires 

strongly suggests outgasing from the (purple) insulation coating the two interior 

sample heater wires. Certainly, this is one source of carbon. 

2. Teflon. A well-known method for producing carbon fluoride (CF) gas is to heat 

Teflon, 113 which is precisely what was done when the chamber-including the 

Teflon insulation sleeve inside the RD detector-was baked. Indeed, this sleeve 

was partially melted during the first bakeout, to 100° C. The absence of CF (atomic 

mass 31 amu) and F (mass 19 amu) in the RGA scan presented in Fig. 5-1 detracts 

from the Teflon theory as a carbon source, though does not discount it altogether. 

3. Electron gun.filament. The filament used in the electron gun is made of 

tungsten, but the process of preparing the filament introduces significant amounts 
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of carbon into the tungsten. It is possible this carbon is dissociating from the 

filament and finding its way to the sample. 

4. Colloidal graphite. Apertures in the RD housing, as well as the entire interior 

surface of the Faraday cup in the RD, were coated with colloidal graphite in an 

effon to reduce SE production on these surfaces. Also, the rotating plate bushing 
was lightly lubricated with colloidal graphite. In a UHV environment, outgasing of 

these graphite coatings would contribute carbon to the chamber atmosphere. 

5. SiC inclusions. The inclusions noted by the SEM scans [Fig. 6-13(c)] and 

shown by EDX analysis to contain carbon are likely SiC from the polishing powder 

used in preparation of the sample (6.1). These inclusions must be considered as a 

possible carbon source. 

6. Inadequate cleaning. A momentary lapse in proper cleaning and handling 

procedures could easily introduce carbon into the system in the fonn of 

fingerprints, grease, grime, etc. Modest bakeout temperatures may have been 

insufficient to fully remove this source. 

Regarding the mechanism of deposition, the fonnation of insulating carbon polymer 

films via the charged-particle bombardment of adsorbed hydrocarbons is a well document­

ed phenomenon,114,115 and is likely the culprit in this case. Clearly, eliminating the 

source(s) of carbon in the system is the key to preventing the formation of the unwanted 

carbon film. Methods for achieving this are addressed in Chapter 9. 

Attention is now turned briefly to initial results for energy-, angle-, and angle­

energy-resolved o and 1l detenninations. 

6.3 Angle-and Energy-Resolved Yields 

6.3.1 Energy-Resolved Measurements 

Only cursory testing of SE energy resolution-using both the sample and the RD as 

detectors, as discussed in Chapter 3-- has been accomplished. Results indicate that the 

procedure for o<Es) detennination outlined in (3.3.3) is satisfactory. Specifically, a peak in 

the SE spectra at -2 eV has been observed, consistent with the literature (see Fig. 2-5). 
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Characterization of the RD's energy resolution also has not yet been done, primarily due to 

difficulties with leakage current across the FC's Teflon insulators [see (5.3.3)). 

6.3.2 Angle- and Angle-Energy-Resolved Measurements 

A number of attempts were made to obtain angle-resolved SE and BSE yields, 

though none were successful. Data sets were not coherent Further analysis has revealed a 

likely explanation to be improper alignment of the rotatable detector. Referring to Fig. 

6-19, it appears that the RD is looking "high and to the left" (when positioned at near­

normal scattering angles) with respect to the center of the sample. This means that as the 

RD is rotated about the sample, its field-of-view does not remain fixed on the same location 

on the sample, but rather various portions of the beam spot drift in and out of view. Such a 

condition would be consistent with the (illogical) data obtained. Given this state of affairs, 

no attempt has yet been made to obtain angle-energy-resolved data. Further testing of the 

angle-and angle-energy-resolved techniques will continue once the RD has been properly 

aligned [see (8.1.2).) 

Having discussed in detail the initial 6 and Tt values obtained by this instrument for 

aluminum-as well as difficulties encountered in obtaining them--a comparison of these 

results with those given in the literature, and subsequent conclusions regarding the 

reliability of the apparatus and technique, is presented next. 
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FIG. 6-19. (a) View of the sample illustrating misalignment of the RD, when positioned as 
shown in (b ). 
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The purpose of this chapter is to draw conclusions-from results presented in the 

previous chapter-regarding the performance and viability of the apparatus and technique 

described in Chapters 3 and 4. Results of previous SE investigations for normally incident 

electrons on Al are reviewed (7.1), comparisons of these results with those obtained in the 

present investigation are made (7.2), possible sources of error are reviewed (7.3), and 

conclusions regarding the viability of the experimental design are presented (7.4). The 

chapter concludes with a physical model describing the dynamic evolution of o presented in 

(6.2.2) (7 .5). 

7 .1 Previous Investigations 

Experimentally determined SE and BSE yields reported in the literature for 1-3 ke V 

electrons normally incident on Al, along with those determined in this investigation, are 

presented in Tables 7.1 and 7.2. Evident in these tables is considerable disagreement 

among the several sets of previously reported values. Disparity among o values ranges 

from more than a factor of two at Eb= 1.0 keV, to 20% at Eb= 3 keV. Limited data for11 

reveals disagreement of up to 40% in this same energy range. It is necessary, therefore, 

that some understanding be achieved regarding the nature of these discrepancies before 

meaningful comparisons can be made between the literature and the results of the present 

investigation. This is perhaps best accomplished via examination of the varying vacuum 

conditions and methods of sample preparation used in the previous investigations listed. 

7.1.1 Vacuum Conditions and Sample Preparations 

Measurements in the early 1970's by both Thomas and Pattinsons0 and Shimizu59 

were performed under UHV conditions, at operating pressures below 5x10·9 Torr. The 



TABLE 7. l. Comparison of experimentally detennined SE yields for nonnally incident electrons on bulk Al. 

Eb a 
Present Work Present Work Kanter• Whipple• Thomas& Shimizu• 
£ioi&ial ~ucfa~l £madifi~d 0261} (1965) Pattinson• (1214) 

surface} ll97ffi 
l.OkeV .73 - .68 .43 - .70 .61 1.65 

1.5 .72 - .57 .33 - .68 .50 
2.0 .64 - .56 .29 1.00 .65 .43 .80 

2.5 .57 - .50 .25 .82 .60 

3.0 .54 - .46 .22 .74 .57 - .60 

*Values are approximate, taken from graphical data 

-I.II 
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TABLE 7 .2. Comparison of experimentally detennined BSE yields for nonnally incident electrons on bulk Al. 

Eb Tl 

Present Work Present Work Kanter• Thomas& Shimizu• Reimer• 
(ioiliil sulf '1~~l (m!ulifi~d (12~1} Pattinson* {1274} {1223} 

surface} 0970} 
l.OkeV .24 .20 - .23 .24 .20 

1.5 .22 .20 - .23 

2.0 .21 .19 .14 .23 - .16 

2.5 .21 .20 .14 

3.0 .20 .20 .14 - .22 

•values are approximate, taken from graphical data 

I-' 
Ul 
-..J 
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samples used by Thomas and Pattinson were prepared in situ by evaporating thick films of 

aluminum (i.e., films thick enough to prevent complete penetration by the primary 

electrons, thereby behaving-ostensibly-as bulk Al) onto gold, silver, and platinum 

substrates. The samples were then baked at 800° C for repeated six-hour periods in an 

effort to 'de-gas' the surface-i.e., drive off any surface contaminants. The authors claim 

this procedure produced "a clean Al surface, relatively free from any contaminants ... "50 

(p. 350, italics added)-a claim which appears reasonable, though no direct supporting 

evidence (such as XPS or Auger data) is offered. Shimizu's sample, by contrast, was 

electrolytically polished prior to its insertion into the vacuum system, and then cleaned in 

situ via argon ion bombardment (sputtering) at a beam current density of 2x10·5 A/cm2 

(duration of the sputtering was not given). According to Shimizu this technique "does not 

always guarantee a clean surface free from slight oxidation due to residual gas, even in the 

present UHV system. .. "59 (p. 2109, italics added). 

Details regarding vacuum quality and sample preparation are not reported by 

Kanter,48 nor by Garrett, 2 who presents the results of Whipple. However, given the 

absence of modern UHV technology during the era in which both sets of measurements 

were taken, these results are almost certainly those for aluminum oxide. Kanter in fact 

states that "the influence of the surface condition on yield is not well known, even for clean 

surfaces, and the surfaces of the.films used in these experiments cannot be considered 

clean ... "48 (p. 680, italics added). Finally, the original source of the BSE yields reported 

by Reimer45 has not been discerned, and therefore no information regarding surface 

condition or sample preparation can be surmised. 

7 .1.2 Conclusion Regarding Variability of Results 

In summary, results from Thomas & Pattinson50 likely represent those for 

relatively clean Al, while those from Kanter,48 Whipple (as reported by Garrett2), and 
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Shimizu59 are from samples all exhibiting some level of surface contamination; results from 

Reimer45 are uncertain in this regard. Varying surface conditions likely account for most 

of the large variability in these results. Proceeding on this assumption, a comparison with 

o and Tl values obtained in the present investigation can now be attempted. 

7 .2 Comparison of Results 

Referring to Tables 7.1 and 7.2, 6 and Tl values determined in this investigation are 

presented in two categories: initial surface, and modified surface. The SE and BSE yields 

under the heading initial surface are those values obtained immediately after the electron 

beam was place on a new sample location [region A in Fig. 6-lO(a)], and are taken from 

the "Initial" column in Table 6.1. Recall that data from the RGA spectra (6.2.1) strongly 

suggests these values are not those for clean aluminum, but rather for a contaminated 

sample surface (quite possibly an oxide layer, Ah~. with an assortment of other adsorbed 

species). Hence, comparison of initial surface values with those of Kanter, Whipple, and 

Shimizu is reasonable. Yields under the modified su,f ace heading are those values for 

which current measurements had stabiliz.ed over periods of minutes [region B in Fig. 6-

lO(a)], and are taken from the "-20 min." column in Table 6.1. Though it is not claimed 

that this surface is clean aluminum, it is reasonable to assume it to be at least cleaner than 

the initial surface, and likely lies somewhere in between an oxidiz.ed, carbonized, and clean 

aluminum surface. Nevertheless, comparison of the modified su,face values with those of 

Thomas and Pattinson would seem warranted. The notion that the initial surface is in fact a 

(contaminated) oxide layer is further supported by the fact that the initial-surface o's are 

larger than those for the modified surface-where oxide layers in general are known to 

have larger SE and BSE yields than do clean(er) metallic surfaces.48 
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1.2.I Comparison of 8's 

Inspection of Table 7.1 reveals good agreement between initial-surface 6's 

(assumed now to be contaminated Al2<¾) of the present work, and those found by Whipple 

(as reported by Garrett2). This agreement is reasonable given the assertion that Whipple's 

results are indeed those for Alz0:3. Troubling is the relatively good agreement of these 

same results with those of Thomas and Pattinson, whose surface is assumed clean. 

Further examination of Table 7. I shows poor agreement between the modified-surface 6's 

of the present investigation and any of those in the literature. Specifically, the SE yields 

found for the modified surface are 40-50% lower at Eb= LO keV than anything else 

previously reported, and 60% lower at Eb= 3.0 keV. 

7 .2.2 Comparison of 1] 's 

Inspection of Table 7.2 reveals reasonable agreement between both sets of f\'S 

obtained in this investigation, and those of Thomas and Pattinson, Shimizu, and Reimer. It 

is significant to note that the initial-surface T\ values decrease with increasing beam 

energy-once again consistent with the notion of an oxide layer. That is, at low beam 

energies the PE's do not penetrate as deep into the sample, and BSE's therefore originate 

from layers nearer the surface [see (2.5.1)]. Consequently, oxide layers (ostensibly 

comprising the first few monolayers of the sample surface) should have a greater effect on 

BSE yields obtained at lower beam energies than those obtained at higher beam energies, 

who's BSE's originate from deeper within the sample. Assuming T\ greater for Ah0:3 than 

for clean Al (for a given Eb), decreasing f\'s with increasing Eb is a logical result. 

Contrasting the beam-energy dependence of the initial-surface f\'s, the modified­

surface T\ 's remain steady with changes in incident energies (in the 1-3 ke V range), 

consistent with (a) a very thick, unifonn contamination layer (an unlikely condition), or (b) 

a relatively clean surface-either of which would provide a homogeneous emitting layer. 



[NOTE: This observation adds support to the notion that -20 minutes of exposure to the 

electron beam bas removed a considerable fraction of the surface contamination (at the 

beamspot location), including any oxide layer.] 

7 .2.3 Discussion 
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The above comparisons contain some well-grounded evidence to the effect that the 

apparatus and method are performing well. Particularly encouraging are comparisons of 

the initial-surface 6's with Whipple's results, and the initial-surface 11's with Shimizu's 

results. Somewhat troubling, on the other hand, are comparisons of the modified-surface 

6's andT\'s with the results of Thomas and Pattinson. Specifically, why are the 6's ~30% 

low, and the 11's -13% low? One potential explanation for this result-as well as for the 

radically differing o values of Thomas and Pattinson vs. Shimizu-is the possible 

"channeling effects in the relatively large single-crystal grains that occur in high-purity 

Al ... "58 (p. 1971). (If this channeling effect is indeed legitimate, then one might expect 

better agreement among 6's for oxide layers as opposed to those for clean surfaces of high­

purity aluminum.) More conventionally, two additional possibilities also come to mind: (i) 

sys-tematic errors in the equipment and/or technique, or (ii) the discrepancies are the result 

of differing surface conditions on the respective samples. An evaluation of possible errors 

in the various measurements is w31Tailted before a reasonable conclusion can be drawn. 

7 .3 Possible Sources of Error 

It is reasonable to consider the following possible sources of experimental error: 

(i) systematic errors in the electrometers 

(ii) systematic errors in one or more of the current measurements, resulting from 

apparatus design. 

The question of systematic electrometer error is easiest to address. More complicated is the 

question of systematic errors due to apparatus design. Pertaining to possible electrometer 
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em>rs, the roles of the various electrometers were interchanged from time to time 

throughout the course of this study, and it was found that results were reproducible in this 

fashion. Hence it is unlikely that any substantial calibration or :reroing problems are 

present in these instruments. Pertaining to systematic errors introduced via the apparatus, 

recall from Chapter 3 that 6 and Tl are detennined with the measured quantities lb, Isco>, Irco>, 

Iscso>• and Ircso> via the relations 

and 

6 = lscso) -1,co> + lr(O) - Ir(SO> 
lb 

(14) 

(15) 

(where experimentally, all currents are ~µA, with the exception oflrco>• which is ~10 nA). 

Any errors in 6 and 11, then, must come from measurement errors in the above quantities. 

What, then, are the possible errors in each of these quantities? This question is now 

addressed for each current, in tum. 

7.3.1 E"ors in lb 

Recall that lb is measured by placing the beam into the large FC in the sample. 

Errors in lb therefore will occur if (i) the entire beam spot is not contained within the cup, 

(ii) significant numbers of SE's and BSE's escape the cup, and/or (iii) there is measurable 

noise within the circuit. A FC diameter of 2. 7 mm (Fig. 4-6), measurements of beamspot 

sizes of -1.2-1.4 mm (Table 5.2), and the observed disappearance of any detectable return 

current when the beam is in the FC eliminate both (i) and (ii) as likely sources of error. 

[Additionally, note that errors in either of these assumptions would result in a measured lb 

that is too low. Correcting for such a case, however (by increasing lb in Eqs. 14 and 15), 

would further decrease both 6 and 1l (Table 7 .3)-a result which does not explain the 

observed disagreement between the values obtained in this investigation and those in the 
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literature.] Regarding (iii), the most probable source of noise in the circuit takes the fonn 

of stray (tertiary) electrons striking the beam-current feedthrough pin inside the chamber. 

But once again, a return-current signal (lr(O>) of< 10-14 A when the beam is in the FC 

makes this scenario improbable, since the sample-current and return-current feedthrough 

pins sit adjacent one another and are shielded equally. (That is, both pins should be subject 

to similar noise levels, and since none is observed in the return current, it is assumed none 

is present in the sample current as well.) Also, note that the presence of such noise would 

lead to Ib(meas) > lb(true); however, the numerator in the right-hand side of Eqn. (14) above 

is larger than that of Eq. (15)-meaning any correction lowering lb would have a greater 

effect on Tl than on o, which is inconsistent with the discrepancies noted in (7.1.3). 

Confidence in the accuracy of lb is therefore high. 

7 .3.2 Errors in Is,oJ 

The most probable source of error in ls(O) is noise in the form of stray electrons at 

the feedthrough pin. Unlike the case with the beam directed into the FC, placement of the 

beam on the sample surface produces a considerable number of tertiary electrons in the 

chamber (i.e., assuming lb is ~ 15 µA and Isco> is -10 µA, approximately 5 µA worth of 

stray electrons are flying about the chamber!)--some of which may manifest themselves as 

noise at the feedthrough pin. But regardless of the magnitude of this noise, it should be 

about the same as that for Ir<O>• since, as mentioned above, these two feedthrough pins sit 

next to one another and are similarly shielded. And since the terms l5co> and Irco> appear 

together in Eq. (14) as a difference, the effects of this error are minimized. That is, 

(lrco> + noiseco>) - (lr<SO> + noisecso>) == Ir(O> - Ireso> 

assuming noise co> ""' noisecso>-Also note that any error in ls(O> would have no effect on Tl. 

Confidence in Isco>, therefore, is also high. 
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7.3.3 E"ors in I,roJ 

Recall that the return current is the current collected by the tertiary samples, and 

models the effect of tertiary (stray) electrons in the system reaching the primary sample. 

Several possibilities exist here for error: 

1. Sample holder geometry. Note that Irco> and 1s<0> include not only electrons 

reaching the tertiary and primary samples, respectively, but also those reaching the 

sample holders. The potential for error exists here in that the combined siz.e (total 

surface area) of the two tertiary sample holders (TSH's) is considerably smaller 

than that for the primary sample holder (PSH). If many more electrons are reaching 

the PSH than the TSH's, then IrlO>(meas) is too small. Two points tend to discredit 

this scenario as a source of significant error: 

a. correcting for such an error would further decrease o, and 

b. though overall surface areas differ considerably, the TSH and PSH 

surface areas directly exposed to the tertiary flux are identical. 

Again note that any error in Ir(O> will have no effect on fl. 

2. Asymmetric tertiary flux. If distribution of the tertiary current flux is such that 

considerably more current is collected by the tertiary samples than the primary 

samples, then the measured Irco, is too large and correction for this error would 

increase o. While this situation is certainly possible, particularly if there are stray 

electric or magnetic fields present near the samples, the fact that Irco> is already small 

(Ir(O> = 10 nA, as compared with Iscso,-Isco,+Ircsoi = 1 µA) would seem to eliminate 

this situation as a source of significant error. 

3. Noise. Once again, tertiaries reaching the feedthrough pin are a likely source of 

noise, though using the argument of (7 .3.2), this error can be ignored with respect 

to its effect on o. 

7 .3.4 E"ors in Is,so, 

Recall Iscso> is the sample current when the sample and tertiary samples are biased to 

+50V, and the difference between Iscso, and Isco, ostensibly represents the SE current. Two 

major possibilities present themselves as potential sources of error in this measurement: 
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1. Error in the sample bias. Biasing the sample greater or less than +50 V would 

result in Iscso> measurements that are too large, or too small, respectively. However, 

it is important to note that -50% of the SE current is due to SE's with energies~ 4 

eV, and -90% is due to those with energies~ 15 eV (Fig. 2-5}-meaning once the 

sample has been biased to +15 V, further biasing has only second-order effects on 

Iscso>• An error in the sample bias as great as 10 V, therefore, would still have little 

impact on Iscso> (and therefore 6 and 11)-and a realistic estimate of the bias-voltage 

error is only -0.1 V.) 

2. Noise. Tertiaries reaching the feedthrough pin remain the only evident source of 

significant noise and, repeating the arguments of (7 .2.2), resulting errors 

introduced into Iscso> will not contribute to significant errors in 6 or 11. (Also note 

that the presence of positively biased samples in the chamber greatly reduces the 

number of tertiary electrons dashing about the chamber, eligible to manifest 

themselves as noise at the feedthrough pins.) 

1.3.5 Errors in lrrso, 

Unlike the case for Irco>, Ircso> is on the order of microamps; significant error in this 

measurement will therefore introduce a significant error in both 6 and 11. Recall that Ircso> is 

that current reaching the tertiary samples when both the primary and tertiary samples (and 

holders) are biased to +50V, modeling the tertiary current reaching the primary sample (and 

holder) under such conditions of electrical bias. The most likely mechanisms for 

introducing error into Ircso> measurements are as follows: 

1. Electric field asymmetry. Though the geometry of the samples and holders is 

not complicated (Fig. 4-5), and the electric field in the region just above the samples 

(resulting from the +50V bias) should be fairly uniform, one can imagine 

asymmetries in the field which could result in a significant disparity in the number 

of stray electrons collected by the tertiary and primary samples. If the return current 

collected by the tertiary samples were substantially greater than that of the primary 

sample, then Ircso)(meas) would be high, and correcting for this would increase 6 and 

decrease 11. Conversely, if most of the tertiaries were being collected by the 

primary sample, then Ircso>(meas) would be low and correction would decrease 6 and 

increase 11. Two observations indicate that such is not the case: 
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a. trials involving biasing of only the primary sample (as opposed to the 

primary sample together with the tertiary samples) strongly indicate that 

the return current is evenly split between the primary and tertiary 

samples-Le., that the tertiary samples are an accurate indicator of return 

cmrent reaching the primary sample 

b. an error in Ircso> alone, regardless of its sign or magnitude, cannot 

simultaneously cause both o and Tl to be low. 

2. Noise. Once again, stray electrons at the feedthrough are possible, and once 

again such a situation will not introduce significant error into the values for a or Tl. 

7 .3.6 Summary 

The above review of possible errors in each of the five current measurements 

shows that a systematic error in the apparatus or measurement method does not appear a 

likely cause of disagreement between the 6 and 11 values of this investigation and those in 

the literature. No compelling evidence of measurement errors has been found, and even if 

any of the above errors are present, none can account for the observed disagreements of the 

various 6's and 11's. This last observation is illustrated in Table 7.3. Only when 

Ib(meas) > Ib(true) (which is unlikely) can this, by itself, account for an increase in both 6 and 

11, and even then not by the required magnitudes. 

7.4 Discussion 

Given the comparisons of (7.1) and the error analysis of (7.2), it appears that the 

most likely causes of disagreement between the SE and BSE yields of this investigation, 

and those of previous studies (and between the previous studies themselves), are varying 

surface conditions of the samples used in each of the assoned investigations. This is in 

itself an important result, and while a considerable volume of interesting physics can likely 

be extracted from a more careful study of these data, such analysis is not warranted until a 

better surface characterization is perfonned. It is enough to state here that the equipment 
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TABLE 7 .3. Errors in the measured currents and their effects 
on SE and BSE yield determination. 

Quantity Error Effect on 6, 11 if corrected 
(measured) 

6 11 

lb High increase increase 

Low decrease decrease 

ls(Ol 
High increase none 

Low decrease none 

Ircoi 
High decrease none 

Low increase none 

lscsoi 
High decrease increase 

Low increase decrease 

Ircsoi 
High increase decrease 

Low decrease increase 

and technique of this investigation are yielding reasonable results. Nevertheless, it is also 

clear that further verification is warranted; disagreement within the literature, a proclivity 

for oxidation, and more exotic complicating factors such as possible channeling effects all 

contribute to the difficulty of using aluminum for an initial verification of the equipment A 

brief discussion of plans for further verification testing is presented in Chapter 8. First 

however, having ascertained some measure of credibility for our preliminary 

measurements, a proposed empirical model accounting for the dynamic evolution of 6 

[described in (6.2.2)] is presented. 

7 .5 Proposed Physical Model for o(t) 

We wish to develop a physical model to fit the SE yield measurements of (6.2.2). 

The expression 

o(t) = Ae-at + Be•Pt + Ce·"fl + D (69) 
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is proposed, describing 6 as a function of electron-beam exposure time. t. The terms and 

coefficients have the following physical interpretation: 

Ae-«t tenn representing the rapid electron stimulated desorption of weakly 

bound (physisorbed) species. from the surface. These species may 

include CO. CO2, N2, and 02. 

Be-Pt tenn representing the less rapid electron desorption of tightly 

bound(chemisorbed) species, from the surface. This may include 

Al203, Al203•nCH20), Al O(OH). Al(OH)2, A4C3. AIN, and Al2S3. 

Ce-"fl tenn representing the decrease in scattering from metallic Al as a thin 

film ofamorphous carbon is deposited on the surface 

D tenn representing the bulk SE yield for the deposited film material. o::. 
C coefficient representing the difference between o:: and B for a clean Al 

surface, o:-. 
B coefficient representing the difference between o~ and o for and Al 

surfacecoated with chemisorbed layers, o:= 
A coefficient representing the difference between 6 for an uncleaned Al 

surface( 6:7) and one with the physisorbed (but not chemisorbed) 

material removed, o:-. 
y the deposition rate of the thin carbon film in hr 1. 

~ the desorption rate of the chemisorbed material in hr 1. 

a the desorption rate of the physisorbed material in hr 1. 

Values for the above parameters, obtained through nonlinear regression analysis of 

the curves depicted in Fig. 6-10, are given in Table 7.4. Figure 7-1 is a comparison of the 

resulting fit [F.q. (69) using the values from Table 7.4] and the actual data points. 

Inspection of Fig. 7-1 shows the fit to be good. though in need of some fine­

tuning. For our purposes, though, the fit demonstrates a more-than-reasonable grasp of 
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the physical processes involved in the evolution of 6 with time-specifically, a rapid 

electron-beam induced desorption of some species from the sample surface, a somewhat 

slower desorption of other species, and a still (much) slower beam-induced carbon 

deposition. 

TABLE 7.4. Estimated values for parameters appearing in 
Eq. (69). 

Parameter Value Uncertainty 

A 0.181 -10% 

B 0.075 -10% 

C 0.069 -5% 

D 0.251 -1% 

(l 35.5 br 1 -15% 

~ 0.707 hrl -15% 

'Y 0.113 hr 1 -15% 
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This chapter summariz.es results obtained to date (8.1) and addresses necessary 

refinements in the apparatus and method (8.2), a proposed course of research once these 

refinements are accomplished (8.3) and (8.4), and recommendations for extensions of this 

research (8.5). 

8.1 Results 

Primary results of the work presented in this thesis are restated below. 

(i) The apparatus and technique developed for total SE and BSE yield 

determination are working. 

(ii) The absence of adequate (or any) surface characterizations accompanying 

previously reported experimental SE yield investigations is a key omission in 

the data. Results of these investigations, consequently, are fundamentally 

flawed. Specifically, previously reported results for normally incident 

electrons on Al are almost certainly incorrect 

(ill) The surface of the Al sample characterized in this investigation was a 

contaminated oxide layer. The effects of extended exposure of this surface to 

the electron beam were the (at least partial) removal of the oxide and other 

contaminants, and the formation of a thin (several monolayers) film of 

carbon, all occuring on competing time scales. 

8.2 Immediate Recommendations 

8.2.1 Funher Verification 

In retrospect, aluminum was not a reasonable choice for the verification trials. 

Major difficulties with this material were (i) a proclivity to oxidize, (ii) possible channeling 

effects, and (iii) disagreement of 6 and 11 values within the literature for the 1-3 ke V 
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incident energy range [ where (iii) is likely the consequence of (i) and (ii)]. The obvious 

solution to this problem is to repeat the trials with a different material-one less susceptible 

to the above difficulties. Gold is a suitable candidate; it does not form a stable oxide, and 

previously reported SEE and backscattering characterizations are in much better (though not 

perfect) agreement in the 1-3 keVenergy range.4446 .S0,116,117 Total o and 11 

characterizations of gold can be accomplished quickly, with no modifications to equipment 

or procedure. 

Angle-, energy-, and angle-energy-resolved measurements must also be performed 

and evaluated; of these, energy-resolved SE trials can be performed immediately. Angle­

and angle-energy-resolved measurements must wait until the RD can be properly aligned. 

8.2.2 Required Equipment and Procedural Modifications 

In addition to required further verification trials, work thus far has also revealed a 

number of shortcomings in the apparatus and basic procedures. These are: (i) sample 

surface preparation, characterization, and prevention of unwanted surface modification, (ii) 

RD alignment, and (iii) leakage current in the RD. The following steps address these 

difficulties: 

l. Performing a hotter bakeout. This will improve vacuum quality, thereby 

reducing the level of contaminant species in the chamber, and will require: 

a. replacement of the rotary feedthrough (the present rotary feedthrough is 

bakeable to only HXl°C), and 

b. replacement of the Teflon insulation sleeves in the RD with sapphire (the 

Teflon begins to deform at -95"C). 

2. Mechanically polishing the sample with a clean cloth. Considerable surface 

contamination in the form of surface inclusions, as evidenced by the SEM images, 

were the likely result of using a "dirty" polishing cloth [see (6.1.2)]. 

3. Electropolishing the sample. 
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4. Annealing the sample in situ. Annealing will aid in driving off unwanted 

contaminants. The installation of a thermocouple or platinum resistance 

thermometer on the sample block is required. 

5. Reducing carbon sources. Minimizing carbon film buildup will require 

significant reduction of carbon sources within the chamber. Thorough baking of 

the chamber will go a long way toward this end. Other steps to be taken are: 

a. replacement of heater wires (the hydrocarbon-base insulation on these 

wires appears to be outgasing), 

b. replacement of Teflon sleeve in RD with sapphire insulator (Teflon is a 

source of CF), and 

c. removing graphite coatings from inside RD Faraday cup (used to reduce 

SEE within the cup), and from suppon shaft (used to lubricate rotating 

plate). 

6. Minimizing beam time on sample, resulting in a reduction of carbon build-up. 

1. Addition of Auger Electron Spectroscopy (AES) electronics. AES capability 

will enable in situ analysis of surface species-particularly important for 

characterizing the state of contamination. 

8. Development of method for RD alignment prior to chamber insertion. 

9. Redesigning the RD. The current RD was designed for use with an electrostatic 

filter (Fig. 4-10). Making the RD smaller and placing it closer to the sample would 

make it easier to aim, and would expand the angular range over which 

measurements can be made. 

10. Replacing RD Teflon with sapphire. The (volume) resistivity of sapphire is 

considerably higher than that of the Teflon currently being employed (1018 Ohm-cm 

as opposed to 1012 Ohm-cm).100 Leakage current from the Faraday cup in the RD 

should drop by six orders of magnitude ( or more, if a smaller contact area is used) 

as a result of this modification. 

11. Biasing the ground plate in the RD. Biasing the ground plate along with the 

Faraday cup in the RD will also greatly reduce the leakage current Even without 

replacing the Teflon, ground-plate biasing should reduce leakage currents to levels 

below detection limits. 
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Once testing is completed, there is the question of what new physics can be accomplished 

with this apparatus. The remainder of the chapter addresses this question. 

8.3 Research Possibilities 

A considerable volume of original experimental work will be immediately accessible 

once the apparatus and method have been fully verified. Accompanying the data will be an 

opponunity for comparison of results with existing SEE theory. Examples of both 

experimental investigations and theoretical comparisons are given below. 

8.3.1 Experimentallnvestigations 

Experimental (angle-resolved, energy-resolved, angle-energy-resolved, and total) 

SE and BSE yield investigations possible with the apparatus described in this thesis, as 

modified above, include (1-3 keV energy range): 

(i) characterization of clean metals, 

(ii) characterization of never-before-characterized (conducting) spacecraft 
materials, coatings, and paints, 

(rii) controlled sample contamination studies, 

(iv) studies involving sample temperature as a parameter, 

(v) studies involving surface roughness as a (qualitative) parameter, and 

(vi) studies involving sample conductivity as a parameter. 

Total yields for a number of metals (including Ag, Au, Cu, C, Ni, Pt, and others) 

have been measured previously (though we have not yet completed an exhaustive review 

of the literature). Moreover, most of these materials are not subject to oxidation difficulties 

as severe as those for aluminum. Nevertheless, it is impossible to say with certainty that 

measurements for clean metal surfaces have been accomplished, since surface conditions 

associated with most prior measurements are, in general, poorly documented . Rather, 

levels of contamination must be inferred from such considerations as vacuum quality and in 
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situ cleaning methods. Systematic SEE characterization of basic metals, therefore, with 

simultaneous Auger analysis documenting the surface quality, will be of significant value to 

the field. Studies involving additional parameters, such as temperature, surface roughness, 

and conductivity, may then be perfonned with a reasonable degree of confidence. 

8.3.2 Comparisons with Theory 

There exists within the literature a well-developed fundamental theory of SEE, 66 as 

well as a number of empirical mathematical models based on previous experimental 

investigations.45,61,11s-120 Data obtained from the investigations listed above may be used 

to evaluate both theoretical and empirical SEE fonnulations. Some examples include: 

(i) comparison of total yields with atomic number models,44,45,61 

(ii) comparison of angle-resolved yields with existing angular fonnulations, 45,69 

and 

(iii) comparison of clean aluminum yields with published fundamental theory 
specifically for SEE in AI.67 

8.4 Extensions of This Research 

It should be recognii.ed that the basic apparatus and technique developed for the 

above-proposed research possess considerable potential for significantly expanded SE and 

BS investigations-some of which would require modifications to the apparatus and the 

development of new measurement techniques. Some examples are: 

(i) backscattering measurements for insulators, 

(ii) SEE measurements for insulators, 

(iii) measurements for higher or lower incident electron energies, 

(iv) measurements for incident ions, 

(v) work involving simultaneous bombardment by combinations of electrons, 

ions, and photons, 

(vi) measurements for positively and/or negatively biased samples, and 
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(vii) investigations of SE roles in such phenomena as "snapover"-the breakdown 

of insulators in a plasma-and other little-understood manifestations of 
electrical breakdown. 

Techniques for the determination of BSE yields for insulators have been 

develo~ll 6 at least partially, and should be readily adaptable to this apparatus. They 

involve in situ deposition of thin conducting films (with known backscatter characteristics) 

on insulators. It is possible that a similar (though not identical) process may be applied 

toward SE charactem.ation of insulators as well. SE and BSE studies involving incident 

electron energies both above and below the present 1-3 ke V range are merely a question of 

appropriate electron sources; likewise, SE and BS studies involving incident ions require 

only the acquisition of suitable ion sources-a process already underway. Parametric 

studies involving incident electrons, ions, and photons may be possible in a new UHV 

scattering chamber, already under construction at USU. Finally, the role of SE's in 

snapover may be investigated in a low-density plasma chamber available at NASA's Lewis 

Research Center (LeRC). Initial coordination for such work has already been 

accomplished and funding secured. The preceding lines of possible research are displayed 

graphically in Fig. 8-1. 

8.5 Initial Program of Study-A Proposal 

The prodigious volume of possible research listed in (8.3) suggests the need for an 

organized plan according to which research can proceed. The following sequence of 

investigation is suggested, prioritizing SE and BSE Z-dependence and the importance of 

contamination: 

1. Completion of an exhaustive literature review. Though a good deal of this work 

has already been accomplished, more remains to be done. Simply summarizing all 

SE and BS investigations to date, and their results, will prove invaluable in plotting 

the course of future research, and will itself represent an important contribution to 

the field. 
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2. Total SE and BSE yield characteriQition of a series of clean metals, and 

comparison of results with fundamental and empirical models. Such an 

investigation is a logical place to start, and may suggest funher avenues of research. 

Metals characterized in this work might include the Nobel metals Au, Ag, and Cu, 

and/or the Alkali metals Li, Na, K, Rb, and Cs. Also included here should be a 

thorough investigation of clean Al, something that may well never before have been 

accomplished. 

3. Total SE and BSE yield investigations of never-before-characterized spacecraft 

materials. This work will represent an immediate contribution to the spacecraft 

charging community, and should be accomplished based on consultation with 

NASA's LeRC. Actual samples from two spaceflight projects have already been 

secured: NASA's LDEF, and a USU rocket (SPEAR Ill). 

4. Extensive SE and BSE yield characteriz.ation of one particular sample, including 

angle-, energy-, and angle-energy-resolved yields, and comparison with theory. 

An investigation of this type will validate apparatus and technique, and results may 

suggest further research. Gold is a likely candidate for this investigation. 

5. Controlled contamination studies. Review of the literature thus far, as well as 

experimental experience, has shown the lack of data regarding the effect of surface 

contamination on SE yield to be a major deficiency in the field. Oxidation of Al 

presents itself as an immediate candidate for this work. Other fonns of natural 

contamination, such as fingerprints, or depositions resulting from propellants or 

from the outgassing of organic materials, may also be of immediate interest to 

spacecraft charging modelers. 

6. Studies involving additional parameters such as temperature, suiface roughness, 

and conductivity. To our knowledge such investigations have not been perfonned 

and would represent an entirely new direction in the field of SEE. 

Clearly, the above plan is intended as a guideline, and should be modified as work 

progresses. The most productive lines of discovery are rarely scripted. 
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APPENDICES 



APPENDIX A 

Calculations 

A. l Importance of Iser .Ibsert0>• and Ibsercso, 
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In addition to demonstrating that the currents Iser, Ibserco>, and Ibsercso> from Fig. 3-4 

are indeed small in comparison to the other currents, one can in fact show that regardless 

of their magnitudes, these terms can be neglected. For ease of calculation, we introduce the 

notation 

PS(O) primary sample current at O V bias (measured) 

PS(50) primary sample current at +50 V bias (measured) 

TS(O) tertiary sample current at O V bias (measured) 

TS(50) tertiary sample current at 50 V bias (measured) 

B incident beam current (measured) 

SE secondary electron current 

BSE backscattered electron current 

R(O) return current at O V bias 

R(50) return current at +50 V bias 

SER SE current due to r(O) 

BSER(O) BSE current due to r(O) 

BSER(50) BSE current due to r(50) 

where those currents that are actually measured by the apparatus have been so marked. 

Then with the samples biased to O V and +50 V, in tum, we can write 

PS(O) = B - SE - BSE + R(O) - SER- BSER(O) 

PS(50) = B - BSE + R(50) - BSER(50) 

TS(O) = R(O) - SER - BSER(O) 

TS(50) = R(50) - BSER(50) 

Subtracting (A3) from (Al) and (A4) from (A2) gives 

PS(O) - TS(O) = B - SE - BSE 

PS(SO) - TS(50) = B - BSE 

which in tum gives 

(Al) 

(A2) 

(A3) 

(A4) 

(AS) 

(A6) 



BSE = B - PS(50) + TS(SO) 

SE = PS(50) - PS(O) + TS(O) - TS(SO) 
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(A7) 

(A8) 

and we have now solved for the SE and BSE currents (Eqs. (A7) and (A8)]-the goal, in 

determining 6 and Tl-without making any assumptions whatsoever about the magnitudes 

of SER, BSER(O), and BSER(50). Dividing the Eqs. (A7) and (A8) by the beam current 

Band returning to the notation of (3.3.1), we retrieve Eqs. (14) and (15) 

6 = l1(SO) - lr(SO) - 11(0) + lr(O) 

lb 
(14) 

(15) 

Quantitatively, we can show Iser, Ibserco>, and lbsercso> are small by looking at some 

data typical of the a and Tl investigations for electrons incident on Al. For a beam energy of 

2.0 keV, the following currents were measured: 

B = 15.20 µA 

PS(O) = 6.60 µA 

TS(O) = 0.06 µA 

PS(50) = 13.35 µA 

TS(50) = I.SO µA 

Then from Eqs. (A7) and (A8) we have 

BSE=3.35µA 

SE=S.31 µA 

=> 
=> 

Tl= .22 

6 = .35 

Returning to Eqs. (A4) and (AS), and regarding R(O) and R(50) as the incident "beam" 

currents producing SER, BSER(O), and BSER(50), we can solve for these currents: 

TS(50) = R(50) - BSER(50) 

= R(SO)- .22R(50) = .78R(50) 

R(SO) = TS(SO) = L92 µA 
. 78 

=> 

BSER(50) = .22(1.92 µA)= .42 µA 



and 

TS(O) = R(O) - SER - BSER(O) 

=> 

= R(O) - .35R(O) - .22R(O) = .43R(O) 

R(O) = TS(O) =.14 µA 
.43 

=> SER= .35(.14 µA) = .048 µA 

BSER(O) = .22(.14 µA)= .031 µA 
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which are small compared to the other quantities in Eqs. (14) and (15). It is noted that in 

the above determinations of Iser, lbserco>, and Ibsercso> we have assumed that Irco> and Ircso> 

represent monoenergetic beams of 2.0 keV electrons. Clearly this is not an accurate 

assumption, though we contend that it's accuracy is sufficient to allow order-of-magnitude 

calculations. 

A2 Error Introduced into 6, Tl, and 6(E5)Detenninations 
due to Non-Normal Exit Angles 

In biasing the primary and tertiary samples we are attempting to measure cwrent to 

the primary sample due to SE's with energies at and below a given energy e<I>, where cf> is 

the sample bias-see Figs. 3-5 and 3-10 [(3.3.1) and (3.3.3)]. In addition, however, we 

measure cwrent due to electrons with energies greater than e<I>, but which are prevented 

from escaping the sample due to non-normal exit (scattering) angles; that is, an electron will 

not escape the sample (and will therefore be counted in any measured sample cwrent), even 

if it's total energy is greater than eel>, when the perpendicular component (to the sample 

surface) of it's velocity vector (given by v .L = cos ex) is such that 1/2 mv .L2 < eel>. This fact 

introduces error into our detenninations of 6 and Tl, as well as 6CEs), and we wish to 

detennine the extent of this error. 
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Al. 1 E"ors in o and 11 

For 6 and Tl determination, sample-current measurements are made at cl>=O V and 

Cl)::+50 V. All SE's are clearly held on the sample, regardless of exit angle, when the 

sample is biased to +50 V. Error introduced into ls<so> is therefore due to BSE's who's exit 

angles do not permit them to escape the sample even though their energies are greater than 

50 e V. For example, a BSE with Es = 100 e V will not escape if it's exit angle a is greater 

than <J<: = cos-1(50/100) = (,()0 , and a 2 ke V BSE will not escape if it's exit angle is greater 

than <J<: = cos-1(50/2000) = 88.6°. [Clearly then, the distribution ofBSE energies-Le., 

the BSE spectrum-is important in determining which BSE's are prevented from escaping 

a positively biased sample.] If we can calculate the magnitude of the current due to BSE's 

that are held on to, or "captured," by a sample biased to +50 V, I!:-,then we can 

determine it's importance via comparison to the total BSE current I!e. 

First, for an unbiased sample, the current due to BSE's leaving at a given ex is 

given by 

Ible(ex') = 27t J r·cE.cx')dE 
so,v 

where :(ble(E,ex1 is the BSE spectrum at ex= a'. Assuming the ex-dependence to follow a 

Lambert cosine law-i.e., Jbse(a1 = Jbse(a,--0) cos a-we have 

I,.. ( a') = 2,c • 1(0) JI"" (E) cos a' dE 
50eV 

and the total BSE current-i.e., the current due to BSE's emitted at all angles-can be 

written 

1:: = 21t· I(0) JJ Ib"(E)cosex sina dcx dE 
so.v 0 

= ,c • 1(0) J l,..(E) dE 
so,v 

(A9) 
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Next, for a sample biased to +SO V, we calculate the current due to BSE's which do not 

escape via introduction of the 0-function, 0(50eV - Ecosa ), given by 

0( e'I» - Ecosa ) = 1 
=0 

if (50e V - Ecosa) ~ 0 
otherwise 

Following a development similar to the unbiased case, then, the cUtTent due to the captured 

BSE's can be written 

I!:... =21t•l(O) JJ1bse(E)cosa0(50eV-Ecosa) sinadadE 
,a.vo 

--•~v> 

= 21t • 1(0) j J;bse(E)cosa sin a da dE (AlO) 
».V 0 

and we see the effect of the 0-function is to alter the limits of integration over a. 

[Alternately, we could have used 0 to alter the limits of integration over E, though we shall 

see this would not have been as convenient] Perfonning the integration over ex we obtain 

1:_ =1t·l(O) j 1b1e(E)·{l-sin 2[cos-1
(~)]} dE (All) 

SOtV 

In order to evaluate the integrals in (A9) and (Al 1), we must know the specific 

form of Jbse(E). Figure 2-7 illustrates the general shape of the BSE spectrum, though a 

specific expression for Jb"(E) has thus far not been found in the literature. For our 

purposes, however, it is sufficient to model the BSE spectrum by assuming all BSE's 

posses a single, average energy. An expression for the average integrated (ie., averaged 

over all a's) BSE energy Eave is given by44 

for the atomic number Z of the sample. Though this expression has been found to 

underestimate Eave somewhat, we will nonetheless use it, as underestimating Eave is a more 

conservative calculation (i.e., the lower Eave, the larger I!:-)- Further simplifying, and 

erring a bit more conservatively, we assume simply Eave = .45Eb. Then Jbse(E) can be 

expressed in terms of the Dirac 6-function 
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and we have 

bse 1t·l(O) J 6(E-.45Eb) {1-sin 2[cos- 1<5°t>n dE 

~= - J 
.. 1t·l(O) 6(E-.45Eb) dE 

sa.v 

(Al2) 

Equation (A12) represents the relative error in ls<so>• We now wish to detennine the effect 

of this error on our detenninations of 6 and Tl, and we begin by showing that Eqn. (A12) 

also represents the relative error in T): 

- lb - I,cso>- + IrCSO> 
Tlmeas - I 

b 

= lb -(ls(S0)- +I:._)+ lr(SO) 

lb 

= lb - I,cso)- + Ir(SO) -{1-sin 2[cos-
1
(~)]}11uuelb 

lb 

The relative error in 11 is then given by 

(A13) 

Results given by Eqn. (A13) are plotted in Fig. A-1, and reveals a worst-case error in 11 of 

~5% for a beam energy of 500 eV, decreasing to less than 1 % for beam energies above 1 

keV. Errors for beam energies below 500 eV are considerably higher, though measure­

ments at such energies are not being considered in the present investigation. 
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Calculation of error in 6 due to 1:... is a bit more complicated. in that the em>r in 6 

becomes a function of Tl: 

19e +1111e 
6 = .. <-' 

- I b 

11e + {l-sin2[cos-1c5oev )]}Ttl 
- ._ ~. b 

lb 

= 61n1e +{l-sin 2[cos-1<_!~~: )]}11 

which gives 

(A14) 

Results given by Eqn. (Al4) are plotted in Figs. A-2 and A-3 for selected values of Tt and 

Bmeas-It is emphasized that Eqs. (A13) and (Al4) represent worst-case e"ors, and are 

intended to demonstrate that for incident energies of concern to this thesis ( > -500 e VJ, 

en-ors in 8 and 11 due to non-normal exit angles are negligible for all but the lowest beam 

energies. 

Al.2 Error in lXEsJ 

Calculating the effect of non-nonnal exit angles on 6<Es) detenninations proceeds in 

a similar manner as that for 6 and Tl• In this case, however, the sample is not biased to +50 

V only, but to +50 V incrementally. Having already shown the effect of "captured'' BSE's 

to be small, we will concentrate on the effect of SE's with non-normal exit angles. Then, 

after Eqn. (A9), 
,a.v 

1:t = 7t • 1(0) J I"(E) dE 
0 

or we can write the true current due to SE's at and below a given energy, e<ll, 
~ 

I:C(<ll) = 7t • 1(0) J lse(E) dE 
0 



195 

lSO 

135 

120 

~ 105 ...... _ .. 
90 

C .... ... 75 
0 

J; 60 

~ 45 

30 

15 

0 
100 150 200 250 300 350 400 450 500 

Beam Energy (eV) 

5 

45 

4 

S 35 
~ .. 3 -C .... 

25 ... 
§ 2 
~ 

~ 1.5 

l 

0.5 

0 
500 1000 1500 2000 2500 3000 

Beam Energy (eV) 

FIG. A-1. Percent error in 11 due to non-nonnal exit angles of BSE's, for incident energies 
of (a) 100 eV to 500 eV and (b) 500 eV to 3000 eV. 
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FIG. A-3. Percent error in o due to non•nonnal exit angles of BSE's as a function of beam 
energy (1500 eV to 3000 eV) and BSE yield [(a) Tl= 0.1, (b) 11 = 0.2, and (c) 11 = 0.3.]. 
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This time, an expression is found45 for the SE spectrum Jse(E), depicted schematically in 

Fig. 2-5: 

for some proportionality constant, k, and the work function of the sample material, ci,. 

Substituting, we obtain 

(A15) 

Next, after Eqn. (AlO), we can write the measured SE current, 1=.(ct,), due to SE's at and 

below a given energy e<?,-i.e., the current due to SE's held on the sample with the sample 

biased to some positive ct,, which includes those SE's with energies above 4>, but whose 

exit angles do not allow them to escape: 

50cV .p. 

r:_(<I>) = 21t·I(O) J f I'e(E)cosa 0(ecf>-E cosa) sin a da dE 
0 0 

"o/.J .. 11(1 

= 21t· I(O) f I'e(E)cosa sin a da dE 
0 0 

21tk·l(O) .. /4J ..... J.P. E . 
=--- 4 cosasmadadE 

Eb (E+c!>) 
0 0 

where this time we have used the 0-function to modify the limits of integration over E. 

Perfonning the integration over energy and evaluating at the given limits, one is lead to 

Ise (.,...) 27tk • 1(0) J[ -cos
3 a ci,cos

4 a cosa 1 . d 
~ =--- ------+--------+-- sma a. 

- Eb 2(cj>coscx+e<I>)2 3(c!>cosa.+ecf>)3 6cj>2 

0 

which has the solution 

From Eqs. (A15) and (A16), then, we have 
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Let G(cf)) denote the right-hand side, then we have 

and we calculate the relative eITOr in o<Es) as follows: 

6(Es >meas = i:i (cf)) = G. 1f (cf)) = G · 6(Es )true 
b b 

A6(E) 
=> 6(E) = (A17) 

Results are plotted in Fig. A-4 and reveal just what one would expect, given the SE energy 

distribution depicted in Fig. 2-5. For small sample potentials (cf>~~ 10 V) the effect of 

non-nonnal exit angles on integrated current measurements (and therefore 6<Es) determi­

nations) is enonnous--intlating them by as much as 120%-since the majority of SE's 

posses energies below ~10 eV. For cf)> 15 V, however, the effect has dropped to less 

than 5%, and continues to drop as cf> is increased, since fewer and fewer SE's reside at 

these higher energies. It is noted that Eqn. (Al7) and Fig. A-4 do not represent a worst­

case scenario, but rather a realistic and detailed calculation of the error introduced into o<Es) 

determinations as a result of non-nonnal exit angles, and may therefore be used to correct 

6<Es) values obtained from raw data (integrated cwrent measurements). 

A.3 Expected RD Signal Magnitudes 

We wish to do an order-of-magnitude calculation for the currents the rotatable 

detector must be able to measure. Assume a beam current of 10 µA, an SE yield of 6 = 

0.3, and a BSE yield of11 = 0.2. Then we have a total current leaving the sample (at 0 V 

bias) of l5e+lbse =.3(10 µA) +.2(10 µA) = 5 µA. This 5 µA of current is spread over 21t 
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steridians, and the field-of-view of the RD is - 10-3 sr, meaning that on the average we 

would expect the signal reaching the detector to be 

Idet = 10-lsr · (S µA) = sx1o·lO A 
27t 
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-a signal that is detectable with the apparatus described in this thesis. More specifically, 

we can calculate the expected RD signal as a function of scattering angle, a (for the beam 

current, a, and 11 given above): 

Idet(a') = l(a' = 0) cosa' dQ = l(0)cosa' dQ 

We can solve for 1(0), since we have already calculated the current leaving the sample: 

r:, + 1:::: = J l...,(a') dil = 21t J l(0)cosa sina da = S µA 

Which then gives 

_....,.... 0 

=> 1(0) = Sxl0-6 
7t 

Sxl0-6 
Idet(a') =--•cosa' dO 

7t 

Sxl0-6 _ 
=--•cosa' (10 3 sr) 

7t 

Equation (A18) is plotted in Fig. A-5, illustrating expected typical RD currents as a 

function of a. The figure suggests measurable RD currents even below a = 80°. 

A.4 Electrical Resistance of Teflon 

(A18) 

An order-of-magnitude calculation for the Teflon sleeve is accomplished via simple 

application of Ohm's law, V = IR. For a FC potential of-SO V, and a measured leakage 

current of 10-12 A, we have 

V 
R=­

I 
= 50 volts = Sxl0 13 Q 

10·12 amps 
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A.5 Effect of an Incident Electron Beam on the Temperature 
of an Aluminum Sample 
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Since o and 11 are likely functions of temperature, it is reasonable to check the 

temperature increase of the sample due to the energy being deposited by the incident 

electron beam. Two basic calculations are of relevance: the equilibrium temperature, Teq, 

and the time required to reach T eq· For the first, we use the relation Em = F.out, where Em 

is the energy deposited by the electron beam, and Bout is due entirely to radiative energy 

loss. We then have 

EUI = O'(~ -T1)A£ 

for the Stefan-Boltzmann constant <1, the radiative surface area, A, and the emissivity of the 

radiating body, £. We assume an incident beam current of -10 µA and thus calculate Em to 

be -.03 Js-1. Since the sample and sample block are in good thermal contact, we assume 

&n is absorbed by the entire sample holder; then A= 36.7 cm2, and£= 0.3 (the emissivity 

for oxidized Al). Taking the initial temperature to be Ti= 294 K (21 °C) and solving for Teq 

then gives an equilibrium temperature of -299 K, which translates to a rise of-5°. 
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We now wish to calculate the length of time required to raise the temperature of the 

sample and sample holder by 5° C. Using the relation Q = mcAT-for the heat Q required 

to raise a specimen of mass m and specific heat c by a temperature AT-together with the 

relation P = Q/At (for the power, P), and assuming no radiative heat loss, we find a lower 

bound to the time At required to effect a 5° temperature rise of the Al sample and sample 

holder to be ~2 hours. 



APPENDIXB 

Scattering Angle as a Fuction of 
Detector Position 

The geometry described in Chapter 4 dictates that the scattering angle, a, vary 

nonlinearly with detector position, cp. For the two different detector arms, the specific 

relationships are 

For the 45° arm: cp45 = 2cos- 1[1- 4sin 2 ;1 

For the 59° ann: cp59 = 2cos- 1[L08-5.49sin 2 ex] 
2 

A conversion table derived from these equations is given below, and the relations are 

presented graphically in Fig. B-1. 

TABLE B.l. Scattering angle a as a function of detector 
position. 

a cp45 cp59 a cp45 cp59 

0 0 48 70 80 
3 4 51 75 86 
6 9 54 80 93 
9 13 57 85 100 
12 17 60 90 107 
15 21 9 63 95 115 
18 26 19 66 101 123 
21 30 26 69 106 133 
24 34 33 72 112 145 
27 39 39 75 119 163 
30 43 45 78 126 
33 47 50 81 133 
36 52 56 84 142 
39 56 62 87 154 
42 61 68 90 180 
45 66 74 
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FIG. B-1. Scattering angle intercepted by the rotatable detector as a function of detector 
position. 
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